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<< Almost in a Day’s Work 


Many plants coordinate their annual time of flowering with particular 
seasons of the year, and one indicator that they use to determine the 
change of seasons is day length. Sawa et al. (p. 261, published online 
13 September; see the Perspective by Rubio and Deng) provide some 
insights into the molecular interactions that translate day length into 
flowering initiation. The day needs to be long enough for the blue- 
light-stimulated expression of proteins FKF1 (FLAVIN-BINDING, KELCH 
REPEAT, F-BOX1) and GIGANTEA (Gi), to coordinate. The daily rise in 
expression of GI lags far enough behind the daily rise in expression of 
FKF1 that, in the shorter days of the year, daylight has waned by the 
time there is enough Gl to form complexes with FKF. With the longer 
days of spring and summer, there is enough time to form complexes and 


Interior Design 

for Polymers 

Separation systems need to achieve both high 
throughput and high selectivity. For polymer 
membranes, separations depend on the size of 
the cavities that lead to porosity on the 
Angstrom scale (the free volume), but these 
cavities typically display a broad size distribu- 
tion, Rodlike polymers with kinks can have 
more uniform cavitiy sizes but can also be diffi- 
cult to process. Park et al. (p. 254) used pro- 
cessible forms of rigid polymers and a thermal 
postconversion process to create tailored free- 
Volume elements with well-connected morphol- 
ogy in amorphous polymers. These materials 
formed membranes with outstanding transport 
and separation properties for small molecules 
and ions. 


Sticky Is More Than 
Skin Deep 


channels in the subsurface region can signifi- 
cantly improve the adhesion of a soft elas- 
tomeric material. The fluid channels blunt the 
propagation of cracks that form as the film is 
peeled from the surface, and the fluid itself 
helps in the capillary adhesion of the material. 


Earth-Like Planets 

The search for Earth-like planets is accelerating 
as detection technology and methodology 
improves. Current and proposed space missions 
should find many more in the next few year. 
Gaidos et al. (p. 210) review our understanding 
of how Earth-like planets form around stars, and 
how many we might expect to harbor water and 
obit at just the right distance from their host 
star to be potentially habitable. 


Disturbing Dislocations 

In an avalanche, a formation that appears to be 
stable suddenly fails with a large movement of 
material This phenomenon also occurs on the 


signal to the CONSTANS gene to trigger the flowering pathway. 


tions to measure dislocation avalanche bursts in 
microcrystals subjected to various modes of 
deformation at various orientations with respect 
to the crystal axes. Universal behavior is seen 
for the avalanche size distribution forall cases. 
The size of the bursts scales with the inverse of 
the sample length, which indicates that there 
may be a lower limit on the size of a material 
that can be shaped and formed 


The Animal Side of 
a Green Alga 


Organisms at the base of the eukaryotic tree 
share features with both plants and animals 
Merchant et al. (p. 245) present the sequence 
of the green alga Chlamydomonas reinhardti, 
one of the most basal green plants. Their analy- 
sis of the genome demonstrate that, despite its 
closer relation to the land plants, this alga 
retains genes and features shared with animals, 
such as motile cilia that have nine outer doublet 
microtubules surrounding a central pair. in addi 


The fet of some climbing anthro- verysmall | tion, the authors investigate the genes and evo- 
poids and vertebrates can both scale, such as | lution of photosynthesis inthe plant ineage, 
strongly attach to surfaces as Z the motion of 

well as release, and attempts defects in 

have been madeto mimic pat cystine | Maintaining Diversity 

temed surfaces of adhesion materials, 

pads. Majumder et al. (p. 258; where stres- | Sans Sex 


see the Perspective by Barnes) 


strain jumps 


Some obligate asexual species, including the 


have focused on the role of sub- are observed bdelloid rotifers, have survived for long time 

surface structures in altering adhesion. They | during deformation. Csikor etal (p. 251; see | periods despite the absence of the benefits of 

show that fluid-filled micrometer-diameter the Perspective by Sethna) have used simula- Continued on page 167 
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EDITORIAL 


Plight of the Surgeon General 


ON 10 JULY 2007, THREE FORMER U.S. SURGEONS GENERAL SAT BEFORE THE HOUSE 
Committee on Oversight and Government Reform and detailed a rising tide of political inter- 
ference in the conduct of the office in which they had served. Richard Carmona, who resigned 
the position last year, told of being blocked from speaking out on issues such as stem cell 
research and emergency contraception, and of instructions to reference President Bush three 
times on every page of any speech he gave. David Satcher of the Clinton Administration 
recounted interference with his report on sexuality and public health, in part because of the 
Monica Lewinsky affair. And C. Everett Koop described attempts of the Reagan political staff 
to thwart his AIDS campaign. 

The hearing raised questions not just about political interference with science but about the 
‘Surgeon Generalship itself—a position that has had a mercurial ride through U.S. political 
history. Legislation in 1889 established the position of Surgeon Gen- 
eral of the Marine Hospital Service, a minor government agency that 
evolved rapidly during the 20th century into the U.S. Public Health 
Service (PHS). By the 1960s, the Surgeon General, always an 
appointee from the ranks of PHS career officers, was in charge of a 
‘small empire of federal health programs, including the National Insti- 
tutes of Health, the Food and Drug Administration, and the Indian 
Health Service. In 1967, a politically appointed Assistant Secretary 
for Health in the Department of Health, Education, and Welfare sup- 
planted the Surgeon General as the line manager of the PHS, and the 
‘Surgeon Generalship became ceremonial. Nixon left the job empty 
from 1972 to 1976, and Carter designated his Assistant Secretary for 
Health as Surgeon General as an afterthought. 

In 1981, President Reagan nominated C. Everett Koop for the job, a physician with little 
public health experience, who withstood a bruising confirmation marathon and then reine 
vented the position of Surgeon General. Ata time when most public officials were distancing 
themselves from AIDS, he tackled the exploding epidemic. His willingness to speak frankly, 
‘embrace those suffering with the disease, and disregard the apparent preferences of his polit 
cal overlords was welcomed by both scientists and the public. The president remained silent but 
supportive, according to Koop, while others in the Administration schemed to oust him. His 
name and his office gained wide recognition and helped propel his campaigns in other areas 
suchas smoking, child health, and nutrition. Internally, he revitalized the PHS Commissioned 
‘Corps, generating a pride in the mission of public health that had been absent for many years. 

The force of Koop’s personality, the happenstance of the AIDS epidemic, and a hands-off 
president resulted in an extraordinary moment of power and effectiveness for the Surgeon 
General. But this alignment of events is rare, and Surgeons General since Koop have struggled 
to achieve the independence and visibility that he enjoyed. The Surgeon General remains a 
respected figure, but the job is ill-defined, budgetless, and subject to the whims of political 
appointees at the Department of Health and Human Services and the White House. 

‘The Surgeon General is widely considered to be the doctor for the nation and an 
‘ombudsman for the publics health. But in reality, modem holders of the office are tightly 
constrained by the increasingly politicized environment of Washington. It is difficult to 
imagine a modern Congress creating the office of Surgeon General. Politics wouldn't allow 
it to happen, Fortunately, and to our nation’s great benefit, the position and the tradition 
already exist. But the job needs help. 

Legislation is needed to do three things: provide an independent budget for the currently 
mendicant position; mandate an annual Surgeon General's Report on the state of the nation’s 
health; and, essential to all else, insulate the Surgeon General from political interference. 
Political shielding for key government officials (such as departmental inspectors general) 
has precedent, and similar measures should be adapted for the Surgeon General. It is 
‘Congress that needs to rescue the office of Surgeon General and give it, once and for all, the 
support and protection it needs to advance the public’s health. 


— Fitzhugh Mullan 


10.1126/science 1149233 
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Vibrio cholerae. a> 


WeMisTRY 
Gently Excising Nitrogen 


Removal of nitrogen from heterocyclic aromatic 
components of crude petroleum is performed at 
enormous scale through high-temper 
alytic hydragenolyss, withthe aim of 
‘generation of nitrogen oxides during combus- 
tion, However, the mechanistic details ofthis 
process are only loosely understood, and there 
has been little headway in finding well-charac- 
terized homogeneous systems that excise aro- 
matic nitrogen directly. Fout et al. have now dis- 

3 covered that atitanium carbene comple cleanly 

§ and selectively swaps its carbon for the nitrogen 

i in pyridine on treatment with trimethylsilyl chlo- 
fide. The homogeneous reaction proceeds at 

§ 65°C to yield a substituted benzene and Ti imido 
complex as products. The authors propose a 
mechanism of electracycic rearrangements initi- 
ated by N-silylation; substituting a protic acid for 
the silyl reagent failed to drive the swap. The 

i tania eagentisrecoverableby alkylation 
after donation of its imido group to high-valent 

; ‘molybdenum, which leads to an easily separable 

; 

: 

i 


insoluble Mo nitride species. — JSY 
1. Am. Chem, Soc. 129, 10.102120753260 
2007. 


ROP SCIENCE 
A Boost from Wild Wheat 
Nitrification, a microbial process that generates 


nitrate in the thizosphere through the biological 
oxidation of ammonia with oxygen, deleteri- 
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microBioLocy 


Proc. 


ously affects the availability of soil nitro- 
gen to plants and is a major agricultural 
Concern, as approximately one-third of 
fertilizer nitrogen is ost inthis man- 
nes. Subbarao et al. report a poten- 
tially powerful strategy to reduce 
nitrification in cultivated wheat. 
Awild relative of wheat, Leymus f 
racemosus, releases biological 
nitrification inhibitors that dra 
matically reduce nitrification in 
the root rhizosphere in compari- 
son to domesticated wheat. When 
a Leymus chromosome containing 
the relevant gene(s) was introduced od 
into wheat, biological nitrification 
inhibitors were also produced, and productivity 
increased. New strains of wheat can now be bred 
to transfer this trait stably into the domesticated 
‘wheat genome. — UMZ 

Plont Soil 10.1007/s11104-007-9360-z(2007). 


LIMATE SCIENCE 
More Water in the Air 


‘Anthropogenic influence on the climate system 
is manifest not only in the rise of near-surface 
tropospheric temperatures (the effect people 
experience most directly), but also in the hydro- 
logical cycle. Recent observational studies have 
shown that continental river runoff, zonal-mean 
rainfall, and surface humidity all display trends 
that can be ascribed to the results of human, 
activity, primarily the temperature rise caused 
by increasing concentrations of atmospheric 
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Self-Puncturing Pathogens 


To interact (often adversely) with the outside world, bacteria have 
several types of mechanism for transporting toxi 
‘across complex cell envelopes. A recently described Type 6 secretion 
system (T6SS) has been added to the list, and its highly conserved 
gene clusters are found in numerous Gram-negative organisms, 
including strains of Vibrio cholerae. Pukatzki et al. used the social 
amoeba Dictyostelium discoideum as an experimental host in which 
to test T6SS mutants of this pathogen. Four proteins are needed to 
assemble a complete apparatus: The authors speculate that initially 
trimers of VgrG proteins penetrate the membrane to form a channel, 
and then units of a ringlike substrate, Hcp, are exported and stack up 
to form a hollow needle that facilitates its own transport. Remark- 
ably, the components have homologs in the tail-spike membrane- 
puncturing device of the T4 bacteriophage. After export, the VgrG-1 
‘component promotes pathogenesis by cross-linking host actin, —CA 


and enzymes 


Natl, Acad, Sci, US.A. 104, 15508 (2007). 


greenhouse gases. Another 


/ atmospheric attribute of great 


A importance, the total amount of 
/ atmospheric water vapor, W, has 
been more difficult to study. Santer 
tol. use data from the satellite- 
based Special Sensor Microwave 
Imager (SSN to show that the total 
atmospheric moisture content over the 
‘oceans has increased by 0.41 kg/m? per 
J decade since 1988. They then use results 
from 22 different climate models to show 
that the size of the observed increase in W, 


7 and the pattern of changes that it has dis- 


played over that interval, can be explained 
only if the primary cause is the human-induced 
increases in greenhouse gases in the atmos- 
phere. in this way, they show that the “finger- 
print” of anthropogenic impact can be seen in 
the moisture content of Earth’s atmosphere, 
‘and that the increase is consistent with theory, 
thereby strengthening confidence both in those 
‘models and in how well the mechanics of cli- 
imate are understood. — HIS 

Proc. tl, Acod. Sd. USA, 104, 15248 (2007) 


stk 
Where Water Holds Still 


When polar molecules dissolve in wate, the sol- 
vvent’s accommodation of groups that resemble 
its own structure (such as hydroxyls and amines) 
is unsurprising. Less clear is how the network of 
hydrogen-bonded H,0 molecules accommodates 
Continued on page 173 
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a solute’s nonpolar alkyl components. Rezus and 
Bakker explored this question through ultrafast 
vibrational anisotropy measurements of ritro- 
gen-based aqueous solutes with varying degrees 
of N-alhylation, After tagging water molecules 
in the solvation shell with tow- 
level vibrational excitation, the 
authors used the femtosecond 
time resolution of a laser probe 
to monitor rotational mobilities 
of these molecules before diffu- 
sional exchange with the sur- 
rounding bulk region, The data 
revealed two distinct reorienta- 
tion rates, and the population of 
more slowly rotating water mot- 
ecules steadily increased as the 
number of hydrophobic methyl 
groups on the solute rose. A cor- 
relation of four immobilized OH groups with 
each methyl group suggests a strong disruption 
of the solvent dynamics in the hydrophobic 
vicinity, though the authors emphasize that the 
structure in which the waters are briefly locked 
remains disordered, rather than ice-like, — JSY 
Phys Rev. Lett 99, 148301 (2007) 


——_ 


and avoid problems of recombination at grain 
boundaries. Moreover, the wire geometry facili- 
tates carrier collection and fosters carrier gen- 
eration in the space charge region deep within 
the array. Two studies have explored the use of 
Si wire arays in pho- 
toelectrochemical 
cells. Goodey et a. 
grew p-type Si 
nanowire (NW) arrays 
either from a base of 
gold-capped cobalt 
'NWs in anodic alu- 
‘minum oxide mem: 
branes, or from 8 
gold-coated p-type Si 
(211) substrate. On 
array immersion in dry 
acetonitrile solutions 
of Ru(2,2"-bipyridyl),®* and Hg/Xe arc tamp 
illumination, cycic voltammetry showed a shift 
in reduction wave peaks to more positive volt 
ages relative toa Pt disk electrode. Photocur- 
rent densities were about twice that of planar 
p-type Si. Maiolo et ol. grew single-crystalline 
Si wires with diameters of ~1 jm using a gold 


catalyst on an n-type Si(111) substrate with a 
silicon oxide buffer layer. in a 1,1'-dimethylfer- 
rocene redox system in methanol, illumination, 
with simulated sunlight produced a short- 
circuit photocurrent density of 2.2 mA‘cm?, 
In both systems, better protection of the wire 
surfaces may improve performance. — POS 
J.Am. Chem, Soc. 129, 10.1021/}00731254; 
10.1021/39074897« (2007). 


Wiry Approaches to 
Solar Harvesting 


Siticon wire arrays could in principle provide a 
cost-effective atemative to high-performance 
single-crystal Si wafers. Wires grown via vapor- 
liquid-solid methods are also single crystals 


<< Serpins Save Cells 


Biologically active proteases are held in check in part by a family of 
peptidase inhibitors known as serpins. Most serpins are secreted, but 
some are intracellular proteins implicated in regulating lysosomal pro 

teases. Luke et a. found that in the worm Caenorhabditis elegans, loss 
ofthe intracellular serpin SRP-6 caused animals to become highly sen 

sitive to hypo-osmotic stress and to die asa result of necrotic cell death. This effect appeared to 
require inhibition of cysteine peptidases because survival of the knockout worms was improved in 
mutant animals engineered to express wild-type SRP-6 but nat in animals that expressed a mutant 
serpin that lacked inhibitory activity. Calcium mobilization appeared to be required for cell death 
because SRP-6 knockout animals lacking the ryanodine receptor, the inositol-1,4,5-trisphosphate 
receptor, or the Ca’*-binding protein calreticulin showed suppression of cell death. Lysosome-like 
gut granules also appeared to be required, because death was suppressed in animals lacking a 
guanosine triphosphatase required for formation of these acidic granules. Animals lacking SRP-6 
were also more susceptible than wild-type animals to heat shock, hypoxia, or hyperoxia. The 
authors argue that the common effects of serpins on these stimuli may indicate that there isa cen- 
tral necrotic death mechanism that can be regulated by serpins. If so, serpins could act as an anti- 
date to cells undergoing, for example, hypoxic stress during heart attacks. Such a prosurvival 
function of intracellular serpins might also explain why increased expression of some serpin fam- 
ily members portends a poor prognosis in various human cancers. — LBR 

Gall 130, 1108 (2007) 
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Talking Turtle 


“Lam suggesting that we are only a few years 
away from the point at which the proposition 
that there are no cognitive differences between 
‘men and women will be as hard to sustain as the 
proposition that the Earth rides on the back of a 
turtle,” 

— Political scientist Charles Murray, co-author of 
The Bell Curve, ata 1 October meeting at the 
‘American Enterprise Institute in Washington, D.C, 
to discuss why there aren't more women in some 
‘branches of science. 
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It's Tapir Time 
With their droopy noses and beefy bodies, tapirs 


interview wi 


in background pages on the four exist- 
(below), which ranges from 
researchers working with 
tapirs in the wild, the field 
veterinary guide furnishes, 


making captures—darting 


puscular conditions tapirs pre- 
fer can make it hard to aim—to 


‘animals are oh-so-cute, check out the 


ment minister, who was attacked and nearly 
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PILEUP ON THE MOON 


The moon is the hottest new destination in space. With a stew of moon 
missions coming up, scientists warned at a meeting in Hyderabad, 
India, last month that lunar junk poses a serious pollution threat 
Alot of one-way traffic is expected to crash on the moon in the next 
decade. The first, Japan's 3000-ilogram Kaguya remote-sensing 
satelite, wil arrive this month, Next up is China's 1900-kilogram 
Chang’e 1, being sent to map lunar resources. n April 2008, India 
wil launch Chandrayaan, an orbiter that wil also send a 29-Kilo- 
gram probe hurtling into the tunar surface, British and Italian 
vehicles will be adding to the pileup. Only China has a plan for 
disposing of its rubbish, 
Bernard Foing, director of the International Lunar 
Exploration Working Group in the Netherlands, pointed out 
that the Apollo missions left behind several hundred kilograms 
of waste. Noting that it took 27 years for the post-Apollo lunar 
atmosphere to “stabilize back,” physicist Roger-Maurice Bonnet, 
president of France’s Committee on Space Research, called for a “con 
servation area” untouched by humans. Wu Ji, China's chief lunar explo- 
ration scientist, is plumping for a moon dump. Foing also suggested that satel- 
lites might be put to sleep in a long-term orbit. Without an “exit policy from the 
‘moon,” said Bonnet, it “will be destroyed sooner [rather] than later.” 


“It dawned on me that there 
was no easy way to identity key 
relationships between pub- 
lished papers,” says Mark 
Holliman of the 
European Virtual 
Observatory Technology 
Project, who unveiled 
PaperScope at an astro- 
‘nomical data conference 
last month in London. The 
software provides a graphi- 
cal approach to searching the 
literature, Users can create person- 
alized charts with each paper drawn as a box 
‘connected by arrows pointing to the papers it 


ing species, including Baird's tapir 
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You don’t have to leave 
your chair to get close 


arrowheads, PaperScope sorts out the seminal 
works from the academic chaff. 


f pe Sorting Through 
~ Astro-Chaff 


The power of social networking is 
being extended to scientific papers. 
With the sheer volume of articles 
published nowadays, figuring out 
which are the key ones is a tricky 
problem, By showing how many 
“friends” articles have, a new tool 


to these strangely 
engrossing tropical her- 
bivores. Just click over 
to the Tapir Specialist 
Group Web site from the 
World Conservation 

Union (IUCN), which 
offers photos, videos, 
conservation news, 

and scientific infor- 


For example, searching for “solar radio 
bursts” brings up more than 2500 hits on an 
academic database. But a few clicks of the 
‘mouse reveal the handful of oft-cited papers— 
the yellow boxes in the screenshot above. 
“There's an ‘aha’ moment. As in, Aha, that’s 
the paper I should read next,’ ” says Norman 
Gray, an astronomer at the University of 
Leicester, U.K. 

PaperScope (paperscope.sourceforge.net) 


mation. called PaperScope is helping is currently compatible only with astrophysics 
Fans of these astronomers find the papers that papers, but Holliman hopes to extend it to 
creatures can wallow really mater. other scientific databases. 
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MUZZLED, Two years after Lawrence 
Summers made the fateful remarks about 
women and science that got him pushed 
Out of the Harvard University presidency, 
some still treat him like a pariah: A recent 
instance involved female faculty members 
at the University of California (UC) who 
led a successful petition to have Summers 
disinvited as a dinner speaker at the 
September meeting of the UC Board of 
Regents. But the controversy has earned 
Summers the sympathy of some of his 
erstwhile critics. 

‘Among them is Harvard psychologist 
Howard Gardner, who says, “I don’t know 
anyone at Harvard who favors what hap- 
penied at UC Davis. ... The regents and fac- 
Llty who opposed [Summers's] appearance 
{ook like ignorant fools.” The petition that 
led the regents to rescind the invitation 
cited Summers's “poor relationships with 
both women and underrepresented minority 
faculty at Harvard.” Summers says, “Iwas 
somewhat surprised that none of the [UC] 
chancellors spoke up publicly on the prece- 
dent set by rescinding speaking engage- 
ments because of controversy.” 

Regents’ spokesperson Trey Davis dis- 
misses the episode as “no big deal,” adding 
that "you don’t want to annoy people need- 
lessly.” Maureen Stanton, an evolutionary 
biologist at UC Davis who signed the peti- 
tion, says what she and others were really 
objecting to was the decision by the univer- 
sity's governing body to grant a private 
audience to a controversial figure like 
Summers. “It wasn’t a free-speech issue,” 
she says. “Had Summers been invited to a 
public forum at the university on howto 
diversify science and engineering, we would 
have had no problems. We would simply 
have shown up with some tough questions.” 
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I NEWSMAKERS 


THEY SAID IT 


“Tam now a heavenly body. I 
found out about it yesterday 
.-. Lwas blown away. It came 
out of the clear blue sky 

just like an asteroid.” 


—Actor George Takei, who played Sulu in 
the original Star Trek series, reacting to the 
Intemational Astronomical Union’s decision to 
name an asteroid in his honor. Discovered by 
Japanese astronomers in 1994, 7307 Takei is 
located between Mars and Jupiter. 


INSIDE GOVERNMENT 
YOUNG BLOOD. The U.S. Commerce 
Department has picked a 32-year-old politi- 
cal operative with no scientific background or 
industrial experience to head a new office 
intended to foster innovation. Joel Harris, 
who has worked at the White House and for 
Republican former Colorado governor 


EDITED BY YUDHIJIT BHATTACHARJEE 


The Technology Administration, which 
‘once boasted a $10 million budget and 
50-plus person staff, including an under- 
secretary for technology, was allowed to wither 
‘on the vine until Congress and the White House 
‘agreed this year to eliminate it. But experts 
don’t hold out much hope for the new coun- 
«il, tucked within the secretary's office and 
lacking a budget. “It’s definitely an opportu- 
nity lost,” says Christopher Hill of George 
‘Mason University in 
Fairfax, Virginia, a 
veteran player in 
technology issues. 
“1 can't imagine that 
itis a prescription 
for actually doing 
anything.” 

Harris hopes to 
prove the critics 
wrong, “Technology 
‘a isa critical driver 

for our economy,” 
he says, “and my job will be to identify 
and coordinate action on the most impor- 


William Owens, will direct the Technology tant issues.” 
Council, which replaces the department's 


19-year-old Technology Administration. Gota tip 


Movers 


WORLDLY-WISE. Barring objections from the U.S. 
Senate, the controversial chief of global health at the 
Department of Health and Human Services (HHS) could 
soon be headed off to a new assignment. Last week, a 
Senate committee considered whether to approve 
William Steiger as U.S. ambassador to Mozambique. 
Steiger, 37, a Ph.D. in Latin American history and the son 
of a former Republican congressman, has been accused 
by HHS employees and outside researchers of micto- 
managing HHS scientists’ international activities and 
pushing conservative, pro-industry positions (Science, 
10 September 2004, p. 1551). Recently, he came under 
fire for allegedly suppressing a global health report from 
the U.S. Surgeon General 

At last week's hearing, Steiger deflected questions 
about some of these matters from the presiding member, 
Russ Feingold (D-WI), asserting that the Surgeon 


people@aaas.ory 


General’s report “had serious flaws” and disputing the scientific value of an intemational 
AIDS meeting. He said he has “gained much experience” that has prepared him for dealing 
with Mozambique’s problems with AIDS and malaria. The committee is expected to approve 
the nomination, asis the full Senate. HHS spokesperson Bill Hall said “no decisions have been 
made” about when Steiger might depart of who would take over his position. “His departure 
will be a relief for HHS scientists and professionals,” says University of California, San 
Francisco, international health expert Thomas Novotny, a former HHS official. 
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NOBEL PRIZES 


A Knockout Award in Medicine 


‘The one-two research punch that allowed the 
creation of designer mice has earned the 
2007 Nobel Prize in Physiology or Medicine. 
Mario Capecchi, a Howard Hughes Medical 
Institute investigator at the University of 
Utah in Salt Lake City, Oliver Smithies of the 
University of North Carolin: 
and Martin Evans of Cardiff University, 
UK., will share the prize for developing the 
techniques to make knockout mice, animals 
that lack a specific gene or genes. Such mice 


of mutagenic chemicals. In fact, most of the 
time, biologists studying a mutant mouse 
strain didn’t even know which gene was bro- 
ken. The ability to mutate a specific gene at 
will seemed a distant dream. 

Working independently in the 1980s, 
however, Capecchi and Smithies each crafted 
ways to slip foreign DNA into a specific 
place in the chromosomes of mammalian 
cells. A similar strategy, exploiting a natural 
DNA-swapping process called homologous 


‘Against the odds. Pursuing ideas that others said would never work, the three researchers who share this 
year’s Nobel Prize in physiology oF medicine set the stage forthe creation of designer mouse strains in which 


specific genes are altered or disabled 


have allowed scientists to learn the roles of 
thousands of mammalian genes and provided 
laboratory models of human afflictions in 
‘which to test potential therapies. 

The techniques “truly provided. 
inmammalian biology,” says Raju Kuche 
a geneticist at Harvard University 
exaggeration to say that there is no mammalian 
biologist today who does not use these tools in 
‘one way or another.” 

Biologists have long studied mutant mice 
for insights into the mammalian body. But 
for decades, they were limited to rodents 
whose DNA had been disrupted in random. 
places by natural mutations or the application 
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recombination, had been used to alter genes 
in yeast and other organisms, but most people 
assumed it wouldn't work in mammals. 
Indeed in the early 1980s, Capecchi’s grant 
application was rejected by the National 
Institutes of Health in Bethesda, Maryland, 
with the advice that he should forget the idea 

He persevered, using money cobbled 
ether from other projects. And afew years 
later, both he and Smithies, then working at 
the University of Wisconsin, Madison, 
showed that targeting speci 
ls via homologous recombination 
was indeed possible. Butthe work was in cells 
in culture dishes, and the technique seemed 


Coring the 


San Andi 


far too inefficient to be used to make whole 
animals with genetic alterations. 

Enter Martin Evans, then atthe University 
of Cambridge, U.K. He led a group that in 
1981 reported growing embryonic stem (ES) 
cells from mouse embryos. Evans, too, had 
faced skepticism. Experts had doubted 
whether such cells, which can become any 
cell in the body, could be grown in the lab. 
Even Evans was confused when he first saw 
the cells in culture, says Elizabeth Robertson 
of the University of Oxford, U.K., who was a 
postdoc in the lab, “He came to us and said, 
*Someone contaminated my media!’ ” 
because there were strange-looking cells 
growing in it. Lab members had to convince 
© ES cells, she stys, 
few years later, Evans and his col- 
leagues showed that they could produce live 
mice by injecting cultured ES cells into a 
developing embryo. The result is a chimera, 
an animal whose tissues are a mix of the 
ES cells and those from the host embryo. In 
many of those chimenas, the added E 
by chance produce the animal's sperm or 
eggs, and when these chimeras mate, some of 
their offspring carry the stem cells” genes in 
all their tissues. 

Capecchi and Smithies both quickly saw 
that ES cells offered an opportunity to gener- 
ate live animals with a desired mutation in 
every cell, Researchers could tanget genes in 
ES cells and then sort out the cells that car- 
ried the desired modification, using them to 
create chimeras. Some of the chimeras’ off- 
spring would have the altered gene in all their 
tissues, and by breeding these animals 
together, biologists could create mice that 
completely lack the two working copies of a 
given gene. Although they never formally 
collaborated, Evans “brought the ES cells to 
my lab in his own pocket,” Smithies says, 
while Capecchi spent time in Evans's lab 
learning the technology. 

Every biologist soon wanted a favorite 
gene punched out, and a handful of com- 
panies quickly began competing with 
places such as the Jackson Laboratory in 
Bar Harbor, Maine, to provide knockout 
strains to drug companies and academic 
labs, To date, researchers have knocked 
out at least 11,000 genes in mice, obser- 
ving what goes wrong in development or 
adulthood and thereby gaining a sense of 
what the gene does. By deactivating 


cells 
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specific genes this way, for example 
Capecchi and his colleagues went on to 
identify ones that shape limbs, organs, and 
the overall mammalian body plan. Both 
Smithies and Evans developed mice lack- 
ing the cystic fibrosis gene, 

knockout mouse strains created to mimic a 
human illness. Indeed, there is now a 
worldwide effort to knock out every mouse 


one of many 


NOBEL PRIZES 


gene (Science, 30 June 2006, p. 1862). 

Skeptical grant reviewers were not the 
only hurdle Capecchi overcame on his way 
to scientific stardom. As a child in war-torn 
Italy, he survived alone—often begging and 
stealing on the streets—between the ages of 
4 and 9 while his mother, a poet, was 
imprisoned in the Dachau concentration 
camp for her anti-Fascist writings. After the 


The neura 
tch 


war, she tracked down a very malnourished 
Mario in a hospital, and a few days later 
they were on a boat to the United States to 
live with her brother in Pennsylvania, The 
young Mario expected the streets to be liter- 
ally paved with gold, he told a press confer- 
ence in Salt Lake City on the day he won the 
prize, What he found instead, Capecchi 
says, “was opportunity.” ~GRETCHEN VOGEL 


Effect that Revolutionized Hard Drives Nets a Nobel 


If you work at a computer, play video 
games, or listen to music on an iPod, 
you've benefited directly from the efforts 
Of the winners of the 2007 Nobel Prize in 
Physics. Albert Fert of France’s national 
research agency, CNRS, in Orsay, France 
of the Jiilich Research 
in Germany independently discov- 
cred an effect known as giant magnetore- 
sistance (GMR) that fueled a dramatic 
increase in the capacity of computer hard 
drives. The discovery also laid the corner- 


stone of a new field known as spintronics, 
in which researchers try to exploit the fact 
that electrons spin like little tops to make 
novel devices, 

“It's a physics discovery that has had 
real consequences,” says Robert Buhrman, 
an applied physicist at 


Cornell University. “Without \WT @¥ eT 


GMR, we would not be able 
to carry our whole life around 
on a3-inch hard drive.” 

Long before the discovery 
of GMR, researchers knew that 
applying a magnetic field to a 
‘material such as ion or nickel 
could change its conductivity. 
Electric current would flow 
less readily parallel to the 
direction in which the material 
was magnetized and more 
readily across it. Technologists 
harnessed that effect to make 
the “read heads” that sensed 
the setting of the magnetized 
bits in a computer hard drive 
But the effect, known as 
anisotropic magnetoresis 
tance, was small; the resistance 
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varied by a few percent. 
In 1988, Grinberg and Fert found that 
they could greatly increase the change in 
resistance if they made layer-cake films 
with layers of iron separated by layers of 
nonmagnetic chromium only a 
thick. If two 
netized in the same dire 
spinning in one direction will pass along the 
film readily, whereas electrons spinning in 
the other direction will not, If, however, the 
iron layers are magnetized in opposite direc 
tions, then all electrons run into great 


w atoms 
re mag- 


resistance, regardless of how they are spin- 
ning. That makes a GMR film an extremely 
sensitive magnetic field detector. As a 
result, all the bits and hardware in a disk 
drive can be made much smaller. 


rr 


Thanks for the memories. Physicist Albert Fert ef) and Peter Grinberg independently 
discovered an effect that vastly increased the capacty of computer drives. 
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The basic quantum mechanical con- 
cepts behind GMR were understood in the 
1970s, but at the time technology was not 
available to exploit them, Fert says, “I put 
this idea in the fridge,” he says. “Then in 
the 1980s, it became possible to fabri 
these materials.” Grinberg could not be 
reached for comment when Science went 


to press 

Although Fert and Griinberg discovered 
the effect, Stuart Parkin of IBM's Almaden 
Research Center in San Jose, California, did 
much of the work to make GMR technolog- 
ically useful, Stuart Wolf, a physicist at the 
University of Virginia, Charlottesville, says 
he was surprised that Parkin was not hon- 
ored as well. But Tony Bland of the Univer- 
sity of Cambridge, U.K., says that the Nobel 
committee apparently distin- 
guished between the discov- 
ery and its cultivation. “ 
is properly a physics prize for 
a truly extraordinary and 
novel effe 

The advent of GMR helped 
launch the emerging field 
of spintronics, Wolf says. 
“This particular discovery 
med to crystallize a lot 
of people’s interest in work- 
ing in this area,” he says. 
Their efforts may someday 
ead to myriad other devices, 
such as computer memory that 
can hold information even 
when itloses power and micro- 


his 


chips that exploit spin to per- 
form computations 
ADRIAN CHO 


With reporting by Daniel Clery 
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“Gsroitted cringid 
{athe lite i deep 
saigors 06 the Bering 
Sea floor 


Into the Deep: First Glimpse of Bering 
Sea Canyons Heats Up Fisheries Battle 


Marine biologists this summer peered for the 
first time into the depths of two massive 
canyons below Alaska’s Bering Sea 
canyons that may be key to sustaining the 
‘world’s largest food fishery. Their firsthand 
glimpse of life in Zhemchug and Pribilof 
canyons may set conservationists and the 
Alaskan fisheries industry on a collision 
course, with conservationists arguing that the 
canyons need protection from fishing, and 
fisheries managers countering that the 
canyons’ ecosystems are not necessarily 
unique and are not heavily fished 

Last week in Anchorage, expedition 
members unveiled their preliminary find- 
ings in a packed but unofficial session of 
the North Paciti anagement 
Council (NPFMC), the advisory board that 
‘works with the National Marine Fisheries 
Service (NMFS) to oversee the resources of 
the Bering Sea 

‘The canyons sit in the middle of one of the 
‘most heavily fished areas on Earth, the Bering 
Sea Shelf break, where nearly 2 million met- 
ric tons of fish, particularly pollock, are 
caught each year. But little was known about 
other fife in the canyons, with data from only 
‘a handlful of dives by remotely operated vehi- 
cles (ROVS) and from by-catch hauled up by 
trawlers, “The canyons are one of the places 

¥ in the world where nobody has looked 
before,” says Robert Stone, a benthic habitat 

§ ecologist at NMFS in Juneau, who helped 

3 design the survey. Last December, NPFMC 

ruled that it lacked sufficient data about the 

canyons to justify a closure, So John Hocevar, 

a marine biologist and Greenpeace represen- 

tative who organized and led the more than 

$400,000 expedition, outfitted Greenpeace’s 
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vessel, Esperanza, with two human-piloted 
submersibles and one ROV. The team system 
atically surveyed parts of the canyons, one of 
which plunges 2730 meters down. 

They found rocks and stony outcrops 
protruding through the muddy canyon 
floors. And on every such hard substrate, 
submersible pilots spotted the bright colors 
of life: fan-shaped corals as orange as a 
tropical sunset, magenta-hued rockfish, 
crystalline barrel sponges, and young 
golden king crabs. “It was absolutely 
amazing to sce the colors below the gray 
sea, and to have such a close view of fine 
features of the ecosystem,” says marine 
ecologist Michelle Ridgway, a consultant 
with Oceanus Alaska in Juneau, who 
piloted one of the submersibles. 

Ridgway is also a member of NPFMC’s 
advisory panel and says she has“taken plenty 
of shrapnel” from colleagues for her part in 
the expedition because of Greenpeace’s 
advocacy role. She, Stone, and other NMFS 
and university scientists say that they joined 
the cruise because of the rare opportunity to 
explore the region. 

The team has just started to analyze the 
collected specimens and videotape recorded 
during 25 dives. So far, Ridgway counts 
nine genera of coral, including red tree 
(Primnoa sp.) and black coral (Lillipathes sp.), 
dozens of sponge genera, and several 
‘unidentified sponges that Stone expects will 
prove to be new species. Similar coral habi- 
tat, which serves as a refuge for fish and 
crab, was recently protected near the Aleu- 
tians. The team also discovered swaths of 
sea whip coral (Halipteris sp.) as wide as 
“a freeway” that had been damaged by > 
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Bréchot Out at INSERM 


PARIS—Christian Bréchot, the head of French 
biomedical research agency INSERM, has 
resigned amid allegations of a conflict of 
interest involving 3 company he set up with 
hhis wife, INSERM oncologist Patrizia Patertini. 
Ina statement released on Monday, Bréchot, 
55, said he wanted to explore other career 
options and have his hands free to defend 
himself in the affair, 

The duos fighting a legal battle with, 
‘Metagenex, a company they set up to com= 
mercialize a technique to detect cancer cells 
cr diagnose fetal abnormalities using blood 
samples. Bréchot says that the company—in 
which Paterlini and the couple's children own, 
shares equaling 44%—is rushing the system 
to market without proper clinical validation. 
‘Metagenex director David Znaty says Bréchot 
hhas improperly used his position to prevent 
the product from reaching the market 
(Science, 3 August, p. 585), Bréchot’s resigna~ 
tion comes asa joint inquity by the research 
and health ministries is drawing to a close, 
although its findings have not been made 
public. Bréchot denies that he was pressured 
but concedes in an interview that he had 
“strong discussions about the timing” of his 
departure. For more see www.sciencemag.org/ 
cgivcontentfull/2007/1009/3, 

MARTIN ENSERINK 


Astronomy Still Hot in Chile 


It’s official: The first of a new generation of 
monster telescopes willbe builtin Chile. 
Sporting seven 8.4-meter mirrors, the Giant 
Magellan Telescope (GMM) will have the light- 
gathering power ofa single 22-meter behe- 
‘moth. Last week, the GMT consortium—eight 
American institutes and universities plus one 
Australian—selected Cerro Las Campanas in 
northern Chile as the future site for the 
record-shattering instrument, due to be 
completed in 2016. The mountaintop, at 
2300 meter altitude, is already home to the 
twin 6.5-meter Magellan telescopes. 

Only $30 million of the project's $550 mil- 
tion price tag has been raised as funding 
agencies wait forthe results of the first mirror 
casting and polishing. But that hasn't damp- 
ened enthusiasm by Chilean astronomers 
“This wil keep Chilean astronomy at the 
[cutting] edge of science and development,” 
says Leopoldo Infante ofthe Pontificia Univer- 
sidad Catdlica de Chile in Santiago 

GOVERT SCHILLING 
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fishing lines dragged along the bottom, says 
submersible pilot David Guggenheim of the 
nonprofit Iplanetlocean in Washington, D.C. 

Hocevar notes that federal law requires 
the National Oceanic and Atmospheric 
Administration, of which NMES is a part, to 
report new data about deep-sea corals to 
Congress and to outline steps that may be 
taken to protect these vulnerable, slow- 


BIODEFENSE 


growing organisms. “I think the council will 
have to consider a fishing closure in the 
canyons based on our findings,” says Hocevar. 

But council members aren't so sure. 
NPFMC “already took action on a Bering 
Sea conservation package,” says Patricia 
Livingston, NMFS fisheries biologist and 
NPFMC’s scientific committee chair; she 
was referring to protections extended to 


other sea floor areas on the Bering Sea 
Shelf. To close them, “the canyons would 
have to be designated as habitats of particu- 
lar concern,” which hasn't yet been pro- 
posed, she says, For now, the council is not 
taking any specific action in response to 
this unofficial presentation, 

VIRGINIA MOREL 
Virginia Morell isa science witer in Ashland, Oregon, 


Lawmakers Worry that Lab Expansion Poses Risks 


A congressional committee last week took a 
hard look at the explosion of US. biodefense 
research since the 2001 anthrax attacks and 
concluded that the number of labs is growing 
without adequate oversight. Ata S-hour hear- 
ing, federal officials acknowledged gaps in 
monitoring safety at biocontainment labs, 
But although scientists agree there's a prob- 
lem, they worry that hasty reforms could do 
‘more harm than good 

The hearing by the House Energy and 
Commerce Committee oversight and investi- 
gations subcommittee was held to examine 
the growth in biosafety level 4 (BSL~4) labs, 
which study deadly pathogens for which 
there is no treatment, as well as BSL-3 labs, 
which study less risky bugs (Science, 28 Sep- 
tember, p. 1852). The National Institute of 
Allergy and Infectious Diseases (NIAID) 
alone has spent more than SI billion in the 
past 5 years on new BSL-3 and 
BSL-4 labs. 

Meanwhile, a spate of acei- 
dents is stirring concerns about 
safety, including an unreported 
infection and other violations at 
‘Texas A&M University in College 
Station that led federal officials to 
suspend its biodefense worl 
June. The Texas incident came to 
light only after public records 
requests by the Sunshine Project, 
‘an activist group in Austin, Texas. 
At the hearing, subcommittee 
chair Bart Stupak (D-MI) asked, 
“Are so many labs doing this 
research that you actually increase the chances 
of a catastrophic release of a deadly disease’”” 

‘According to an analysis presented at the 
hearing, the risks are rising. Ina preliminary 
report, Keith Rhodes of the Government 
Accountability Office (GAO) found that by 
its count there are five existing BSL-4 labs 
and 10 more under construction or planned 
by various funders (including separate labs at 
the same institution). GAO was unable to 
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tally BSL-3 labs, which could number in the 
thousands. These labs mean more new work- 
cers and more dangerous pathogens in labs, 
Rhodes noted. Without any central oversight, 
“L would say we are at greater risk” for acci- 
dents and misuse, he said, adding that the FBI 
and intelligence agencies told GAO investi- 
gators that they share those concems. 

Other federal officials acknowledged 
gaps in oversight of labs handling select 
agents, pathogens that could be used as 
bioweapons. A 2003 regulation requires that 
these labs register with the Centers for Dis- 
ease Control and Prevention (CDC) in 
Atlanta, Georgia, and undergo inspections. 
But inspectors apparently missed serious 
problems at Texas A&M in 2006. Richard 
Besser, director of CDC's terrorism pre- 
paredness office, conceded a need to 
improve whathe calls a “young program.” He 


said CDC now plans to conduct more in- 
depth inspections, including unannounced 
visits, Besser also endorsed creating an 
accident-reporting system, like those run by 
NASA and the aviation industry, that would 
enable labs to share experiences without 
being punished. 

To date, 105 possible exposures and losses, 
have been reported to CDC under the existing 
rules. The oversight subcommittee last week 


concemed about safety atthe rising 
‘number of biodefense labs, including 
those like this Army BSL-6, 


disclosed details of those incidents, which 
included animal bites, needle sticks, and pos- 
sible lost samples. Three releases were 
detected when five workers became ill from 
‘working with a select agent, None of the inci- 
dents posed a public health threat, Besser 
said. Another case involving two shipments 
of leaky vials of anthrax resulted in a 
‘$450,000 fine last month for the shipper, the 
Lawrence Livermore Berkeley Laboratory 
in California, 

Another gap highlighted at the hearing is 
that, unless the work involves recombinant 
DNA, no agency oversees labs working on 
pathogens not on the selectagent list, such as 
SARS and dengue, NIAID Deputy Director 
Hugh Auchincloss Jr. said agencies plan to 
form an interagency task force to improve 
biosafety oversight. 

Rhodes suggested that a single agency 
should oversee all BSL-3 
and BSL-4 labs. But one law- 
maker cautioned against stifling 
research. Michae! Burgess (R-TX) 
noted the research community S 
success at identifying the SARS, 
coronavirus and stopping its 
spread in 2003. “I don’t want to 
see usdo anything that would rob 
us of that ability,” he said. That 
concem is shared by the Ameri- 
can Society for Microbiology 
(ASM) in Washington, D.C. “We 
need to be careful that whatever 
legislation emerges doesn't create 
such a burden that it actually 
interferes with public health measures and 
research,” says ASM‘s public affairs director 
Janet Shoemaker. 

The panel expects to hold more hear- 
ings on similar labs in other countries, and 
on the implications of closing the Plum 
Island Animal Disease Center, located off 3 
Long Island, New York, the US. laboratory 3 
where the most dangerous animal patho- & 
gens are studied. JOCELYN KAISER 5 
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Piercing the San Andreas’s Heart, 
But Missing a Vital Target 


For the first time, drillers have retrieved 
rock from deep within an active fault where 
earthquakes can get a start, researchers 
announced last week. With a ton of rock 
core to take to the lab, excited scientists 
will be dissecting their haul for clues to 
how and why faults rupture in quakes. But 
the uncooperative San Andreas fault has 
frustrated drillers targeting their ultimate 
goal: a small patch of the fault that regu- 


larly breaks in tiny quakes. 


One hit. Drillers cored a 
creeping part of the fault but 
couldn't get toa quake. 


Drilling for the San Andreas Fault 
Observatory at Depth (SAFOD) began in 
2004 just west of the fault near the tiny cen- 
tral California town of Parkfield and culmi- 
nated early this past September, when 
drillers retrieved the last of 44 meters of 
rock core. In two summers, the drillers had 
bored the hole straight down before angling 
it off to the east to grind through the fault at 
‘a depth of 3 kilometers. This past summer, 
they bored out 10-centimeter-thick side 
cores across two active strands of the fault. 
“It-was a challenging summer,” says 
seismologist William Ellsworth of the 
U.S. Geological Survey in Menlo Park, 
California, one of three co-principal 
investigators in the $24.6 million project 
funded by the National Science Founda- 
tion, The “damage zone” of hundreds of 
meters of contorted, broken rock created 
by millions of years of faulting “is a very 


wwwusciencemag.org 


unstable piece of rock,” says Ellsworth. 
Again and again, the hole’s walls col- 
lapsed, and drill pipes got stuck. 

Despite the obstacles, SAFOD drillers 
retrieved cores across two “creeping” fault 
segments: active strands of the San Andreas 
where rock on opposing faces of a fault 
strand slips smoothly by without generating 
quakes of any size. Seismologists have long 
thought that something about creeping seg- 
ments—pethaps the presence of particu- 
larly soft and slippery rock—in effect lubri- 
cates the fault and short-circuits quakes 
(Science, 11 October 1991, p. 197). Indeed, 
researchers found the slippery mineral talc, 
‘of baby-bottom fame, in debris from the ini- 
tial SAFOD drilling of the fault. And cores 
through the ground rock at the heart of the 
creeping fault contain bits of serpentine 
(inset, greenish), which can give rise totale. 

But mounting costs have pulled the 
research up short, “Because of a lack of 
funds, we were unable this year to drill into 
the repeating earthquake,” Ellsworth tells 
Science. The ultimate target of SAFOD 
drilling had always been a 

100-meter-wide patch embedded 
in the creeping fault. Rather 
than creeping, that patch breaks 
every couple of years ina mag- 
nitude-2 earthquake (Science, 
23 December 2005, p. 1898) 
Researchers hopedto learnhow 
that part of the fault can accunma- 
late enough stress to produce quakes even 
though the surrounding fault can’t. 

Team members still want to drill the quake 
target, but they can’t afford to do it now. 
Drilling through the rotten rock of the fault 
zone added unplanned costs. And the frenzied 
search for $80-a-barrel oil boosted costs 
acrossthe drilling industry. Before researchers 
‘could target the quake patch, SAFOD funding 
for drilling ran out. They will soon install 
several kinds of sensors in the borehole just 
100 meters from the patch, which should fail 
again in a year or two, but drilling into it will 
require new funding beyond SAFOD. 
Researchers outside the project strongly sup- 
port more drilling. “I think it would be a crime 
iffinthenext few years we don’t goback in and 
drill into” the rupturing patch, says rock 


Few Clues in Rice Mystery 
After a 14-month investigation to find out how 
‘unapproved varieties of genetically engineered 
rice got into U.S. and European food, the U.S. 

Department of Agriculture (USDA) has come up 
with no insights into exactly what went wrong, 

Bayer CropScience discovered ane of its experi- 


‘mental herbicide-tolerant long-grain rice va 
ties in commercial samples last year (Science, 
22 September 2006, p. 1714) and another this 
year. USDA ast week admitted that it wasn't 
able to figure out how the experimental rice got 
into the food supply. But as part of a broader 
review of ts biotech regulations, the agency 
says ts thinking about ways to keep a tighter 
lid on experimental plants, such as requiring 
‘more isolation of seed-breeding fields, And to 
aid subsequent investigations, it may also 
‘equire companies to keep better records, 
“ERIK STOKSTAD 


Bill and Melinda Play Risk 


The Bill and Melinda Gates Foundation has 
announced a $100 million program to fund 
11000 high-risk research projects. Tadataka 
“Tachi” Yamada, head of the Seattle found 
tion's global health program, says the focus 
willbe in areas the charity already supports: 
infectious disease, maternal and newborn 
health, and nutrition, with the hopes that the 
‘esearch will complement the $436 million the 
philanthropy spread to 43 grant winners in its 
Grand Challenges in Global Health program, 
Proposals can run no more than two pages, and 
decisions will be made within 3 months, with 
the first grants going out in the second half of 
2008. Yamada says the relatively small, 
roughly $100,000 awards should allow scien- 
tists to test novel ideas and reveal “Is this really 
wacko or does it have life?” -JON COHEN 


California's Heavy Hitter: Bonds 


State bonds for stem-cell work flew off the 
shelves in a 2-day sale last week in California in 
what supporters say illustrates popular interest 
in the state's nascent research effort. Individual 
investors snatched up more than 40% of the 
5250 milion worth of bonds designed to 
finance Proposition 71, the initiative voters 
passed in November 2004 to authorize a 

$3 billion institute. (We were thinking we'd get 
about $30 million” in sales to individuals, but 
“we wound up with almost $103 million,” says 
California treasury spokesperson Tom Dresslar. 
Lawsuits that were finally resolved this spring 
delayed the sales of the bonds for more than 


mechanicist Terry Tullis, a professor emeritus | 2 Y°2"5- ‘~CONSTANCE HOLDEN 
at Brown University. “It’s really worth i.” 
RICHARD A. KERR 
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A Culture Under Siege 


Myanmar's military rulers have eroded the country’s education 
system and damaged its heritage. Scientific cooperation might 
offer a lifeline to beleaguered academics 


YANGON, MYANMAR—When saffron-robed 
‘monks took to the streets last month in a rare 
display of public protest in Myanmar's cities, 
around the 
university stu- 


cone familia 


clement in uprisi 


world was largely missing 


dents, There's a good reason, say Burmese 
ademics. The junta that has ruled Myanmar, 
formerly Burma, forthe past 19 yearshas stul- 
tified and splintered the universities. “The 
military has a deliberate policy to not educate 
the people, 
Yangon. “They 
will learn to think critically.” 
Burmese dissident Aung Zaw, edi- 
tor of The Irrawaddy magazine, 
agrees. “The military leaders think 
it is easier to control an unedu- 
ted population.” he asserts. 

The protests have prompted 
a bloody crackdown. United 
Nations special envoy Ibrahim 
Gambari was in Myanmar last 
week to try to open a dialogue 
between the junta and opposition 
leaders, including Aung San Suu 
Kyi, the Nobel Peace laureate who 
has spent 11 of the past 18 years 
under house arrest, But as Science 
to press, soldiers had 
embarked on a door-to-door cam- 
paign to round up activists and put 
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the country in lockdown. This is discourag 
news for those who hoped Myanmar’s aca- 
demic life might be revitalized soon. “The 
country has suffered catastrophic losses of 
human capacity." says a United Nations Edu- 
cational, Scientific, and Cultural Organization 
(UNESCO) official who requested anonymity 

The turmoil has rekindled a debate about 
how to assist Myanmar’s fading academic 
community. Sanctions and approbation have 
failed to sway the junta, which gets vital eco- 


Venting frustration. Buddhist monk leaders speak at Yangon’s Shwedagon 
Pagoda during a protest on 23 September. 


nomic support and political cover from its 
neighbors, especially China. In the diplomat's 
view, attempts to engage the government 
haven't paid dividends either, Others argue for 
bolder outreach: “The best way to support our 
colleagues in Myanmar is to maintain and 
strengthen our professional ties with them, and 
to continue to provide them with opportunities 
to do their work and interact with the world 
beyond their country.” says Miriam S 
expert on Southeast Asian archaeology at the 
University of Hawaii, Manoa, 
Shortly before the recent 
protests, Science met informally 
with two dozen researchers” in 
Bagan, Pyay, and Yangon. Acade~ 
mic freedom is virtually non- 
existent, they say: Even scientists, 
in North Korea were fiver to speak 
with a journalist from Science. 
Forging lasting bonds with skittish 
colleagues in the shadow of one 
of the world’s most repressive 
regimes will not be easy. “Burma is 
a moral minefield,” says Aung 
Zaw."“There is no black and white.” 


* All the people in Myanmar interviewed 
{or this anicle are anonymous, to protect 
them from retribution for speaking to a 
foreign journalist without government 
authorization, 
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Abenighted populace 
‘fier crushing demonstrations fomented by 
‘university students in 1988, the omnipresent 
military, or Tatmadaw, closed the country’s 
premier higher education institution, the 
University of Rangoon, The univ 
tially reopened—butonly for gr 
and research. Science was not permitted to 
enter the campus. According to news 
reports, university facilities are being used 
to jail disside 
The abolition of undergraduate programs 
at the University of Rangoon may have elim- 
inated the problem of enlightened young 
men and women congregating in large num- 
bers, but the country still required competent 
workers. As a solution, the Tatmadaw 
government, which in an Orwellian touch 
10 years ago renamed itself the State Peace 
and Development Council, claims to have 
established 156 universities and colleges 
throughoutthe country, up from 38 in 1988. In 
recent specch, the junta’ leader, Than Shwe, 
cited the “promotion of the education stan- 
dard of the nation” as one of three requ 
' ments to “practice democracy effectively.” 
& “Than Shwe is living in a fantasy world.” 
3 fumes the Western diplomat in Yangon, She 
and other critics say that education levels have 
H 


declined precipitously. “The tragedy is that 
the country is further behind than it was in the 
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MYANMAR’S MAGIC KINGDOM 


BAGAN, MYANMAR—its skyline is studded with more than 3200 temples and bel-shaped stupas: 
Bagan, a sprawling ancient city on the bank ofthe Ayeyarwady River in central Myanmar, isthe largest 
‘assemblage of Buddhist monuments in the world. Bu its breathtaking vistas riddled with impostors. 

Inthe past decade, some 1100 monuments have been rebuilt from the ground up. At the con- 
struction site of a nearly finished temple, the foreman retreats into the building's shadow to escape 
‘the midday sun. This is the 21st temple his team has built, but he’s in no mood to brag. “I'm losing 
‘out on this job,” he says, mopping his brow with a rag as masons use a rope pulley to haul cheap 
red bricks to the roof. They are behind schedule, having worked on the building for more than 
half a year, and the foreman has 
spent more on materials and labor 
than he received up front from the 
local administration. 

Over the centuries, bandits, 
floods, and earthquakes, including 
a devastating temblor in 1975, 
have eroded many of Bagan’s 
medieval wonders. Not content 
with safeguarding a fragile her- 
itage, in 1998 the government of 
‘Myanmar, formerly known as 
Burma, ordered a sweeping 
restoration. The result is what one 
prominent Burmese scholar has 
dubbed “blitzkrieg archaeology”: 
the quick and cheap erection of 
cookie-cutter temples and stupas. 
The shoddy structures, along with a 
50-meter-tall, corn-sito-shaped 
viewing tower and a garish new 
museum built in a style from 
another region and period, are 
meant to attract more tourists— 
and cash. Cultural integrity is an 
afterthought, and many archaeolo- 
ists are appalled. 

“50 many sites have been pil- 
laged or destroyed by misguided 
attempts at restoration and 
tourism development,” says John Miksic, an archaeologist at the National University of Singapore 
who has studied Bagan’s murals, “that our chances of reconstructing an accurate picture ofthe evo- 
{ution of civilization along the Ayeyarwady have been seriously compromised.” 

Miksic and others acknowledge that Bagan isa living monument, and as such, the Burmese have 
right to restore temples for worship. “In Asi, to let your heritage go into a state of disrepair is not 
acceptable,” says a UNESCO offical. The problem, he says, is that “nobody there now is profession- 
ally trained.” After the 1975 earthquake, Myanmar invited UNESCO to take the lead in shoring up 
‘weakened structures, a program that ran until money dried up in 1995. Since then, poor restoration 
work has rendered ancient structures more vulnerable to future earthquakes, says Piere Pichard of 
the French Research School ofthe Far Eastin Bangkok. “it's quite dangerous,” he says, 

Ironically, the rapid rebuilding of the Bagan temples may be repeating history. Recent evi- 
dence suggests that some 2500 temples rose in Bagan over a 70-year period in the 13th centur 
2 staggering rate of one temple every 10 days. “Perhaps your modern, harried, budget-cut art 
sans, pressured by donors and contractors, are actually continuing an ancient tradition,” says 
Robert Hudson, an archaeologist at the University of Sydney, Australia, who has excavated at 
Bagan. To Pichard, Nouveau Bagan’s simple designs and bright colors have “spoiled” the site, 
“Officials there,” he says, “cal it beautification.” Hudson puts it differently: The restoration at 
times “verges on Disneyfication.” 
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Blitzkrieg archaeology. Atemple 
rolls off the assembly line at Bagan. 


185 


| NEWSFOCUS, 


186 


gens o2 . 
EXPLORING A 


BEI}ING—Ask Burmese how they feet about China, and you'r likely to 
get an earful about the hunger of their northern neighbor for Myanmar’s 
timber, gas, and other natural resources. But an unusual new venture in 
sustainable development in the Shan State of northeastern Myanmar, just 
across the border from China, could be a small step in improving China’s 
mage—and a leap in both local living standards and access for scientists 
10 a biodiversity hot spot. 

In January 2008, the private Research and Education Center for 
Alternative Development (RECAD) will open for business in Special 
Region Four (SR-4), a district of Shan that shares a stretch of the Mekong 
River with China's Yunnan Province, in the Golden Triangle. These ver- 
dant highlands where China, Laos, Myanmar, and Thailand converge are 
‘notorious for opium poppies. In SR-4, the illicit crop was eradicated in 
1998. But poppies thrive in other corners 
of Myanmar, which is second only to 
Afghanistan in opium production. "They 
{grow poppies not from desire. it's because 
they are starving,” says Wang Yingming, a 
Chinese entrepreneur with a Ph.D. in envi- 
ronmental sciences who is spearheading 
RECAD’s establishment. 

Experts are concerned that SR-4 is 
poised to regain its addiction to opium. In 
the 1990s, casinos sprang up in the 
region, catering to moneyed Chinese 
tourists. Two years ago, as part of an 
antigambling campaign, Chinese authori- 
ties forced dozens of casinos to close and 
cut off power to the region, which is on the 
Chinese grid. “Without alternative devel- 
‘opment, there isa likelihood of excessive 
deforestation for the resumption of opium cultivation,” says Guofan 
Shao, a forest ecologist at Purdue University in West Lafayette, Indiana, 
who visited SR-4 in 2004 and 2005. This, he says, “would directly 
threaten biodiversity conservation.” 

Hoping to avert that prospect—hile creating a sustainable business 
venture—RECAD, bankrolled by Pudu Co., a private investment firm in 


Rubber and research. Wang Yingming is hoping to help 
‘cure Myanmar of its opium habit. 


Allthe more special. 
A research’station rises 
‘inmyarmar's Special 
Region Four 


Beijing, will test plants such as Jatropha that can be used to produce 
biofuels for the Chinese market. The $5 million center will manage a 
£6500-hectare rubber plantation that hopes to break even within a decade, 
says Wang, Pudu’s president. 

RECAD could also act as a brake on unbridled development. The cen- 
teris “a good starting point” for helping SR-4 authorities with sustainable 
land-use planning, says Shao. He hopes that with an understanding of 
biodiversity and the value of preserving forest alongside plantations, 
'SR-4 can avoid the fate of Xishuangbanna Prefecture in Yunnan, where 
‘rubber plantations have run rit. “It will be a total disaster if the same 
rubber-tree landscape model is repeated in SR-4,” Shao says. 

In a departure from the usual Chinese business model, Wang has put 
scientific concerns at the forefront. "No organization in Myanmar has 
done research to guide development,” 
Wang says. RECAD has dormitories for 
ing scientists, who will pursue everything 
from applied projects in biofuels and sus- 
tainable development to basic forest ecol- 
‘ogy. Wang has established links with the 
Chinese Academy of Sciences, which plans 
to dispatch four to six teams of researchers 
to the SR-4 facility early nest year. Foreign 
scientists will be warmly welcomed, says 
Wang, “intend to tur it into areal interna~ 
tional research center.” 

‘Wang concedes that launching the cen- 
ter in SR-4, which enjoys significant auton- 
‘omy from Myanmar’s central government, is 
a gamble. “Only high-risk investors come 
here," he says. But Wang has won the hearts 
of locals with the promise of employment 
for as many as 1500 people anda pledge to build a school and a hospital 
with help from the Chinese government. Scientists, too, are eager to par- 
ticipate in the experiment. “SR-4 is a unique site for promoting alter: 
tive development and protecting forest biodiversity in Southeast Asi 
says Shao. An initial project, he says, could be a biodiversity inventory of 
the region. “RS. 
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1950s." The University of Rangoon’s closure 
to undergrads was a crippling blow, she says: 
“Itwas considered one of the finest universi- 
ties in Southeast Asia.” Now, most Burmese 
undergraduates attend classes a month at a 
time at one of the campuses outside Yangon 
and take correspondence courses, Children of 
the Tatmadaw elite are sent abroad for study, 
says the diplomat. Apart from them, she says, 
“young people with good education are grow= 
ing scarcer and scarcer” 

This, combined with a dire shortage of 
funding, has made it harder for older 
researchers, many of whom received training 
in China or the Soviet Union, to recruit fresh 
talent, “University laboratories are in terrible 
condition, They are like ghost towns,” says 
one chemist. “That's why the government 
doesn’t want foreigners to see the university.” 
he says. “Chemistry students can only read 
about experiments; they can’t do them,” adds 
the Westem diplomat. And scientific litera- 
ture is scarce. 

Only a handful of science and technology 
projects receive significant government 
resources. One is the revival of plans to build 
a nuclear research facility. Five years 
ago, the government inked a deal to buy a 
10-megawatt research reactor from Russia. 
The agreement stalled until Myanmar 
announced its intention earlier this year to 
follow through with the purchase. Projects 
ccan fall out of fashion abruptly, however. In 
Bagan, an ancient city in central Myanmar 
(sce sidebar, p. 185), the excavation site of a 
royal palace is now fenced off by barbed 
wire. The dig has been dormant since its 
patron, former Prime Minister Khin Nyunt, 
was ousted 3 years ago. 

Any collaboration with foreign scientists 
is vulnerable to the Tatmadaw's whims. 
According to Burmese scientists, each min- 
istry has a “Foreign Affairs Committee,” 
including representatives of the defense and 
security bureaus, that evaluates proposals; 
the minister must sign off on approved proj- 
ects. That process got more complicated 
‘when the government relocated up country to 
Myanmar’s remote new capital, Naypyidaw, 
in February. 

Yet there are a few bright spots in the land- 
scape. Over the past 2 years, for example, 
the International Rice Research Institute's 
Irrigated Rice Research Consortium has run 

workshops and training in Myanmar on top- 
B ics such as integrated weed control, nutrient 
§ management, and laser land leveling. “There 
§ is a great need to support the livelihoods of 
§ the poor farmers and to strengthen scientific 
§ capacity,” says Grant Singleton, the consor- 
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tium’s coordinator. These efforts will con- 
tinue in 2008, he says. 

Other success stories include bird-flu 
monitoring with help from the United Nations 
Food and Agriculture Organization, the cre~ 
ation of the Hukawng Valley Tiger Reserve 
life Conservation Society in 
'y, and the establishment of two 
facilities: a conservation center in northern 
Myanmar (sce sidebar, p. 186) and an archae- 
ological field schoo! in Pyay. 


Throwing a lifeline 
Founded 20 centuries ago, the circular walled 
city of Sri Ksetra on the banks of the 
Ayeyarwady River was a key outpost of the 
Pyu civilization, Today, Sri Ksetra, near the 


Getting their hands dirty. Students 
learn artifact preservation at the 
‘Archaeological Field School in Pyay. 


city of Pyay, 270 kilometers northwest of 
Yangon, is a rarity in Myanmar: an active 
excavation site involving foreign researchers. 
Even more surprising is a cluster of white- 
washed buildings just inside Sri Ksetra’s 
overgrown brick and earthen walls: It the 
Field School of Archaeology, Pyay. 

‘Opened in 2005, the schoo! now has three 
dozen students in a 1-year diploma course in 
applied archaeology that emphasizes preser- 
vation. Easy access to Sri Ksetra provides 
hands-on learning. “Itis a great site” because 
the huge ancient town offers lots of space for 
practical work, says Elizabeth Moore, an 
archaeologist at the University of London 
‘who has worked in Myanmar. Several ficld 
school instructors have completed the well- 
respected Archacological Survey of India 
graduate diploma program. 

Crucially, Myanmar authorities have 
allowed foreign rescarchers, including Robert 
Hudson, an archacologist at the University of 
Sydney, Australia, to lecture at the school. “A 
common and very heartening comment from 
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the students is that the work here is much 
harder than at university.” says Hudson. With 
colleagues in Pyay, Hudson conducted a 
ground and satellite survey of Sri Ksetra in 
2005 and 2006 that revealed an extensive sy 
tem of waterworks for irrigation and flood 
control. The survey, building on excavations 
carried out sporadically since 1907, also 
revealed new features, including the remains 
‘ofa vast brick complex of Pyu burials and iron 
furnaces outside Sri Ksetra’ walls. 

Promising as these interactions are, their 
impact is limited. The archaeologists in Pyay 
have virtually no budget beyond their meager 
salaries, Restoration of Sri Ksetra’s 1500-year- 
old Baw Baw Gyi pagoda has been frozen for 
2 years due to lack of funds, Working farther 


afield is largely out of the question—for 
archaeologists anywhere in Myanmar—espe- 
cially after the hefty increases in fuel prices 
that sparked the recent demonstrations. 

Now is the time to redouble efforts to 
reach out to Myanmar scholars, says John 
Miksic, an archaeologist at the National Uni- 
versity of Singapore—and archaeology is a 
good place to start. Hawaii's Stark agrees. 
Foreign archaeologists, she says, “are now the 
lifeline for scientists in Myanmar.” She and 
others hope that unspecified sanctions 
announced last month by U.S. President 
George W. Bush will not target scholarly 
‘exchange. “Banning foreign scientists from 
‘working in the country will primarily isolate 
and weaken our colleagues in-country who 
will train the next generation,” Stark says. 

Nurturing young minds won't be easy, as 
the deterioration of the education system has 
taken a heavy toll. “Even if there is an 
‘overnight change in the country’s openness,” 
says the UNESCO official, “it will take along 
time to recover.” RICHARD STONE 
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Grasping for ( 
The Biology a 


Chronic itch 
‘is known al 


cts millio 


SAN FRANCISCO, CALIFORNIA—For most 


people, itch is an occasional, short-lived 
annoyance, provoked by a run-in with 
bloodthirsty insects or poisonous plants. 
But for Mary Ellen Nilsen, itchiness 
became a life-altering experience. In 1998, 
at age 38, Nilsen had a shingles outbreak, a 
resurgence of the chickenpox virus. Anti- 
viral drugs cleared up the painful shingles 
rash on her face and scalp, but a ferocious 
itch took its place. “It was relentless,” 
Nilsen says. Over a 13-month period, 
Nilsen scratched and scratched, despite her 
best efforts not to and despite her horror at 
the growing lesions she saw in the mirror. 
At the time, Nilsen says, she had no idea 
that the damage she was doing to herself 
‘was more than skin deep, but she ended up 
ina Boston emergency room with brain tis- 
sue protruding through a hole she'd 
scratched in her skull 

he gave herself frontal-lobe brain 
damage,” says Anne Louise Oaklander, a 
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neuroscientist and neurologist at Harvard 
Medical School in Boston, who treated 
Nilsen and described her case at a recent 
meeting” here. Oaklander blames the infu- 
riating itch on severe nerve damage 
caused by the virus—damage that also left 
Nilsen unable to feel pain from her 
induced wounds. Although 
Nilsen’s experience is extreme, to say the 
least, chronic itch is far from rare. Mil- 
lions of people worldwide suffer from 
incessant and largely unexplained itchi- 
ness brought on by kidney of liver disease, 
HIY, or various other ailments. Chronic 
itch disrupts sleep, reduces the quality of 
life, and undermines the health of tho: 
who suffer from it—yet there is little doc- 
tors can do to help. 

At the meeting, a diverse group of clini- 
cians and researchers tried to scratch 


* ath International Workshop for the 
‘9-11 September. 


tudy of itch, 


beneath the surface of recent find- 
ings for clues about the biology of 
itch. “Itch remains one of the great- 
est puzzles in sensory physiology? 
says Hermann Handwerker, a pio- 
neering itch researcher at the Uni- 
versity of Erlangen-Nuremberg 
in Germany. 

Once thought to be a lesser form 
of pain, itch does share some neural 
\wetware with that other unpleasant 
sensation. But recent research points 
to receptors and nerves that may 
selectively signal itch. Drugs that 
turn the volume down on such sig~ 
naling pathways could vastly 
improve the lives of many people who 
desperately need help, clinicians 
say. “Itch is absolutely a neglected 
area of medicine,” says Oaklander, 
“It extremely disabling.” 

And chronic itch is surprisingly 
widespread, At the meeting, Gil 
Yosipovitch, a dermatologist at 
Wake Forest University School of 
Medicine in Winston-Salem, North 


scratch-inducing statistics. A 2006 
study in The Lancet Infectious Dis- 
eases estimated that 300 million people 
worldwide suffer from scabies, an itchy 
skin disorder caused by biting mites. A 
report published online in Dermatitis in 
August estimated that 31.6 million 
Americans suffer from the itchy, 
inflamed skin of eczema, and a 2006 
study in Nephrology Dialysis Trans- 
plantation found moderate to severe 
itch in 42% of nearly 19,000 kidney-dialysis 
patients surveyed in 12 countries. Other 
studies have associated intense itchiness 
with bile duct obstructions, infectious dis- 
cases, and drug reactions. For reasons that 
are poorly understood, some conditions 
cause itch over large swaths of the body, 
‘whereas others tend to affect only the face, 
back, or other region, Yosipovitch says. 
Wherever it strikes, chronic itch isn’t 
g00d for your health, Yosipovitch adds. The 
study of kidney-dialysis patients, for 
example, found a 17% higher mortality 
rate in those with chronic itch, a finding 
the researchers attributed to loss of sleep. 
Ina literature review published in the July 
issue of Acta Dermato-Venercologica, 
Yosipovitch concludes that itch is often 
worse at night, He suspects that circadian 
fluctuations in compounds that aggravate 
cor dampen itch may be the reason. Levels 
of the itch-suppressing hormone corticos- 
terone, for example, wane in the evening, 
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Carolina, reeled off a long list of 


Biological roots 
If itch is so problematic, why do we have itin 
the first place? Many researchers think it 
evolved as a defense mechanism against 
insects, Unlike pain, which elicits a with- 
drawal response, itch draws attention to a 
particular area of the skin and elicits scratch- 
ing, so it may serve to remove insects and 
any stingers, eggs, or other deposits they 
leave behind, says Handwerker. “It may have 
been more important for early man to pro- 
tect himself against insects than against 
tigers or other large animals,” he says. 

‘Although itch and pain are different sen- 
sations tied to different behaviors, their biol- 
ogy appears to be inextricably intertwined. 
In fact, itch was once considered pain’ little 
brother. Both sensations are conveyed from 
the periphery to the spinal cord by nerves 
called C fibers, and the thinking was that a 
litte bit of C-fiber stimulation caused itch, 
whereas more stimulation caused pain. In 
this view, pain and itch share a communica- 
tion link to the brain, and only one of them 
can talk at a time. This would explain why 
pain tends to quell itch and why certain 
painkilling drugs facilitate it. 

But in 1997, a research team led by 
Martin Schmelz, now at the University of 
Mannheim in Germany, reported the discov- 
cry in healthy human subjects of C fibers 
that respond vigorously to an itch-inducing 
injection of histamine under the skin but not 
to painful heat or pinching. The findings 
suggested that itch and pain may talk inde- 
pendently to the brain after all. 

‘Amore recent strike for itch independence 
‘comes from geneticists at Washington Univer- 
ity in St. Louis, Missouri. Yan-Gang Sun and 
, Zhou-Feng Chen used DNA microarrays to 
H search for itch-related genes in the spinal 

cords of mice. Based on its high levels in 
§ spinal neurons thought to convey itch, one 
§ candidate stood out: the gene for gastrin- 
i releasing peptide receptor (GRPR). When the 
f 


researchers created mice lacking the GRPR 

‘gene, the rodents scratched much less than 
# normal mice when both sets of animals were 
2 injected with several itchy substances. Yet the 
mutant mice responded normally to painful 
© poking, heat, and noxious chemical injec- 
§ tions, Chen reported at the conference and in 
the 9 August issue of Narure. 
8 The findings offer an important insight 
¢ into the biology of itch, other researchers 
i say, and they may point to possible treat- 
@ ments. Part of the reason chronic itch condi- 
2 tions have been so hard to treat is that, unlike 
B acute itchy reactions caused by mosquito 
§ bites and poison ivy, most of them are not 
& mediated by histamine, and so they do not 
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respond to antihistamine drugs. There must 
be molecular players in itch transmission 
besides histamine, but their identity is a 
mystery. Even so, when Sun and Chen gave 
genetically normal mice a drug that blocks 
GRPR, the rodents scratched less in 
Tesponse to subsequent injections of three 
itch-provoking compounds— including two 
that don’t work through histamine. That's a 
good sign, Chen says: “Our results suggest 
that GRPR [blockers] could be particularly 
promising for treating chronic itch.” 

Other researchers reported on a varicty 
of possible treatments for chronic itch 
including medications more commonly 
used to treat depression (selective 
serotonin reuptake inhibitors) and 
epilepsy (such as gabapentin) 
that may quiet hyperactive itch- 


Itchy nightmare. Bandages protect Mary Ellen 
Nilsen’s head after a chronic itch drove her to scratch 
through her skull (CT scan, inset). 


transmitting neurons. One of the most 
promising leads, say several researchers, 
are drugs that stimulate so-called x opioid 
receptors. Opioid receptors are best known 
as the site of action for powerful painkillers 
like morphine, which activates 1 opioid 
receptors, dulling pain but often producing 
itch as a side effect. Drugs that stimulate 
receptors seem to have nearly opposite 
effects, reducing itch without dulling pain 
in a handful of recently published studies 
with patients suffering chronic itch related 
to kidney disease. (Pain does serve a pur- 
pose, after all, as Nilsen’s case illustrates.) 
‘And at the meeting, researchers from the 
pharmaceutical branch of a Japanese chem- 
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ical company reported encouraging find- 
ings from a small pilot study in cirrhosis 
patients with chronic itch. 


Scratch, scratch 
Some researchers are also studying the old- 
est itch remedy of all: scratching. Neuro- 
scientists Steve Davidson and Glenn Giesler 
and colleagues at the University of Min- 
nesota, Minneapolis, recently investigated 
the effects of scratching on the activity of 
neurons in the spinal cords of anesthetized 
monkeys. These neurons rev up when 
researchers inject histamine or other itchy 
compounds under the skin, firing impulses 
at an elevated rate, But when 
Davidson used a saw blade 
to gently scratch the site of 
the injection, the neurons 
interrupted their barrage of 
impulses for a few seconds, 
This inhibition only hap- 
pened when the spinal neu- 
rons were signaling an 
itch—scratching in the 
absence of itch made them 
more excited, Davidson 
reported in a poster presentation at the meet- 
ing. The findings suggest that scratching 
inhibits itch in the spinal cord, before it even 
reaches the brain, he says 
That's not to say the message never makes 
it through, Several recent studies have used 
functional magnetic resonance imaging to 
investigate how the brain responds to itch. In 
a study with 16 people, half with chronic itch 
caused by atopic dermatitis, Yosipovitch’s 
group found hearty responses to itch in the 
anterior cingulate cortex, a brain area that, 
among other things, may attach emotional 
significance to sensory experience. Neural 
activity in the anterior cingulate ramped up 
‘when the researchers injected histamine into 
theskin ofthe subjects’ forearms, Yosipovitch 
reported. This increase was greater in the der- 
matitis subjects and varied in proportion to 
the severity of their itch. In another study, 
Yosipovitch and colleagues found that 
scratching, even in the absence of itch, 
decreases activity in the anterior cingulate. 
‘Such studies may eventually shed light 
on why scratching is so addictive. “There is 
definitely a rewarding effect to the scratch 
itself,” Yosipovitch says. Perhaps that helps 
explain why people often scratch when they 
see others in an itchy state. A few years ago, 
German researchers videotaped people 
watching a public lecture about itch and 
caught them scratching more than usual. The 
effects of reading articles about itch have yet, 
toberigorously tested. “GREG MILLER 
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Wanted: A Barcode for Plants 


Quick-and-easy DNA identification of animals is under way, but plants are proving 


harder to pigeonhole 


Four years ago, Paul Hebert wowed 
researchers at the Smithsonian Institution's 
National Museum of Natural History 
(NMNH) in Washington, D.C., with the 
results of a pilot study that he said demon- 
strated a way to distinguish any animal 
species from any other, using only a short 
piece of variable DNA. Hebert, an evolution- 
ary biologist at the University of Guelph in 
‘Canada, called itan organism's “barcode.” He 
appealed for a similar effort to find a unique 
identifier in plants, “He was staring right at 
me," recalls W. John Kress, a botanist at 
NMNIL. “I took it as a challenge.” Kress and 
his colleagues began what has become a con- 
troversial quest for a botanical barcode. 

Ata meeting in Taipet last month,” hun- 
dreds of researchers described their su 
in barcoding birds, moths, fish, and other ani- 
mals, demonstrating rapid progress for this 
high-tech approach to cataloging biodiversity. 
Representatives from regulatory agencies 
outlined plans to use barcodes to track water 
quality, as well as invasive and endangered 
species. But despite a strong effort by Kress 
and dozens of other botanists and systema- 
tists, barcoding for plants has yet to gel. “We 
did not reach consensus” about a few issues, 
says Ki-Joong Kim, a botanist at Korea Uni- 
versity in Seoul, who has come up with his 
‘own barcoding scheme 


* The Second International Barcode of Life Conference 
was held 16 to 21 September 2007 in Taipei, Tatwan. 


Debates have been raging about how 
many and what pieces of DNA ittakes to tell 
one plant from another. Some groups have 
forged ahead, gathering representative 
sequences from plants ranging from mosses 
to daisies, and several teams are developing 
DNA catalogs of medicinal plants or endan- 
gered trees. Yet, for the most part, these data 
¢ of little use until everyone can agree on 
standard. “Botanists around the world are 
champing at the bit to get involved in bar- 
coding,” says Kenneth Cameron, a plant 
systematist at the New York Botanical Gar- 
den in New York City. “People are very frus- 
trated” by the lack of consensus. And the 
potential for confusion is rising. as groups 
pursue selected DNA sequences and differ- 


cent cataloging strategies. 
Proposed Plant Barcod: 
GROUP GENE SPACER 
Kress et a. bck tmt-psba 


Chase et al. matK, rpoCt, rpoB 


Chase etal. matk, rpoCt__tmH-psbA 
Kimet al atk, atpF/H —trmH-psbA 
Kimetal. mat, atpF/H = psbK 


On the table. Over the past 6 months, researchers 
have proposed several combinations of DNA regions 
for barcoding plants. 


Identities revealed. Some taxonomists thought 
these two types of ginger were the same species, 
but DNA barcoding proved otherwise. 


No simple solution 

Barcodes on groceries instantly reveal the iden- 
tity and cost of an item in just a few black and 
white stripes. In animals, a mitochondrial gene 
called CO seems to work ina similar way, 2s 4 
kind of species tag. ts sequence varies enou 
to distinguish most animal lineages but is con- 
served enough that a single DNA probe works 
formost organisms. This simplicity has sparked 
plans to make hand-held sequencers that can 
provide quick readouts in the field (Science, 
18 February 2005, p. 1037). 

From the start, Kress and others knew that 
plants would need a different tag. Mitochon- 
drial genes wouldn't work because they 
evolve more slowly in plants than in animals; 
too few differences exist between, say, a 
potato and a tomato to tell them apart. 
Nuclear genes weren't very appealing either 
because plant cells often have many copies of 
a mitochondrial gene but relatively little 
nuclear DNA. So plant experts turned to a 
‘genome not found in animals—that of the 
chloroplast, the organelle that converts sun- 
light to chemicals, 

Asa first pass, Kress and his colleagues 
scanned the two chloroplast genomes that 
researchers had already sequenced, picking 
‘out nine stretches that varied the most. “The 
sequences have to be similar enough to be 
probed] easily but different enough to distin- 
uish plant species,” explains Chang Liu of 
the University of Hong Kong. Kress’ group 
evaluated these regions. In 2005, at the first 
international barcode meeting, th 
nated about 450 bases, part of a 
sequence between two genes for the plants’ 
barcode, trnft-psb. Spacers tend to be more 
variable than genes themselves and therefore 
better identifiers. “So far, it seems to work the 
bes” of all barcodes, Kress ins 

At that meeting, however, “a lot of the 
botany community said, ‘Whoa, there's prob- 
lems with this,” recalls Cameron. He and 
others thought more comprehensive, system- 
atic studies were needed. Representatives 
from the Alfred P. Sloan and Gordon and 
Betty Moore foundations—which had 
financed work in the area—responded with 
$900,000 to support further evaluation of 
barcode candidates. Mark Chase and Robyn 
Cowan of the Royal Botanic Gardens, Kew, 
in Richmond, U.K., and researchers f 
about 10 institutions scree 
spacer regions in the chloroplast to see which 
could be pulled out by a single probe. They 
also checked 96 pairs of species representing 


nomi- 
ser 
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the plant kingdom to see which were variable. 
‘And they evaluated the most promising half- 
dozen in specific plant groups. Kress’s 
‘Smithsonian group declined to participate; 
they continued refining the spacer strategy 
they had proposed. 

Inthe 6 June issue of PloS One, Kress and 
his colleagues reported their results: They 
adopted a more complex strategy to conduct, 
1 survey of 50 plant species. “We all wanted 
the ideal—a single region,” Kress recalls. 
But as his team looked beyond flowering 
plants to mosses, liverworts, and other dis- 
tant kin, they ran into too much variation. 
Although researchers could line up and com- 
pare sequences in closely related plants, 
those in unrelated plants such as ginger and 
tomato were too different. The remedy they 
stiggest isa “two-locus barcode,” says Kress: 
both the ¢rafl-psba spacer and part of a gene 
called rbcl.. Adding the gene, which has 
changed much more slowly over evolution 
ary time, is useful for distinguishing dis- 
tantly related plants, 

“It's a concept that I actually like," says 
‘Cameron, But Chase and Cowan haven't been 
‘eager to buy into the strategy. Earlier, their 
team turned away from rick, which codes for 
a key enzyme involved in capturing carbon 
dioxide for photosynthesis, because they 
couldn't come up with a universal probe for 
pulling out short, easy-to-sequence pieces. As 
for the rrnt-psbd spacer, Chase says their 
results suggest that its variability Limits its utile 
ity asa universal barcode. 

In the May issue of Taxon, Chase's team 
instead proposed a barcode using three DNA 
regions. A triple probe is needed, Chase 
explains, because “no one of them works uni- 
versally.” His group had not quite settled on 
which probes work the best; different ones help 
distinguish certain groups of plants (see table). 

Meanwhile, Kim had struck outon his own 
in search of the best plant barcode. His group 
sequenced the chloroplasts from nine plants, 
including seven ginseng species, discovering 
several regions that provided unique species 
signatures. Kim’s group also decided on a 
three-region barcode—a gene and two spac- 
cers—and could discriminate flowering plants 
belonging to 10 other genera, including dan- 
delions, lilacs, and Cardamine. The gene they 
chose is matK, one of Chase and Cowan's 
choices. Using this method, Kim has already 
bbarcoded 500 Korean species. 

g _Inall, about a half-dozen proposals came 
2 up during the Taipei meeting: discussions 
§ were intense. The Korean strategy bubbled 
3 up as quite promising, says plant systematist 
§ Sean Graham of the University of British 
§ Columbia in Vancouver, Canada. But “a final 
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set of markers was not quite decided on.” he 
notes. Most of the researchers agree that Kim 
and Chase's matK and Kress’s spacer should 
be used. And most are calling for a third 
region, likely one of the two other spacers 
proposed by Kim. Graham and his col- 
Teagues are going to evaluate these four can- 
didates and report back later this fall on how 
well they work. 

Kress, however, left frustrated. He points 
cout that several papers presented at the meet- 
ing supported his choices for a barcode, 
whereas there's little published data support- 
ing other scenarios. He's hesitant about any 
three-gene scenario because it would create 
“an order of magnitude more work.” Any- 
way, he says, “we're 
moving ahead” for 
now using his two- 
barcode regions. 


Conflicting needs 
Part of the problem is 
that plant researchers 
have different needs. 
For example, a unique 
barcode may not be 
all that critical for cat- 
aloging the plants in a 
given habitat, where 
typically the species 
aren’ closely related. 
“Less than three, and 
often one, gene will 
work quite well” ina 
local survey, Graham 
points out. Indeed last year, Pierre Taberlet of 
Joseph Fourier University in Grenoble, France, 
and colleagues found they could use just one 
DNA snippet—a noncoding part of agene—to 
distinguish half of 132 Arctic species studied 
and the onion, potato, and leek ingredients in a 
dried soup mix. The snippet also worked on 
plant matter extracted from  20,000-year-old 
frozen human fecal sample, the group reported 
online 14 December 2006 in Nucleic Acids 
Research. They suggest that this limited bar- 
code would suffice for tracking plants used in 
the food and cosmetic industries. 

In contrast, taxonomists need more depth 
within a genus—enough DNA to reveal the 
degree of relatedness. Introns and spacer 
regions don’t always do that; multiple genes 
are needed. And some systematists argue that 
nuclear genes will eventually have to be part 
of the barcode mix. “Ita Catch-22 situation,” 
says Graham. “The criteria to pick these 
markers re somewhat contradictory.” 

Butthere’sa growing needto comeup with 
a solution. Right now, the Barcode of Life 
Data Systems (BOLD) provides one-stop 
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shopping for anyone seeking animal bar- 
codes. But neither BOLD nor public data- 
bases that archive DNA sequences will accept 
plant barcodes until there is a single agreed- 
upon standard. Furthermore, BOLD will need 
to develop new bioinformatics to accommo- 
‘odes that include multiple DNA 
'l am worried that if we don’t start 
thinking about this database [problem], sud- 
denly we will have thousands of sequences, 
and no place to put them,” Kress says. 

The potential chaos is reflected in barcod- 
ing for medicinal plants, The Smithsonian 
‘group has developed a barcode library for 
750 medicinal plants. But until recently, Kress 
wasn't aware that Liu has been using yet 


Intense debate. in Taipei plant researchers wrangled over potential barcode 
regions, making headway but not reaching full agreement. 


another barcode combination to catalog, 
‘Chinese medicinal plants. 

‘And some researchers aren't waiting for 
the standard to be decided upon. Kress and his 
collaborators are barcoding the 300 tree 
species in a long-term study site in Panama, 
and they plan to do the same at 16 other study 
sites around the world. Chase's group is devel- 
‘oping.a barcode database of endangered trop- 
ical trees for the United Kingdom to use in 
detecting illegal timber imports. The Sloan 
Foundation has asked Cameron to draft a plan 
to coordinate the barcoding of the world’ tree 
species. And Genome Canada is $00 plants 
into a scheme to develop barcodes for the 
‘country’s 5000 plant species, 

Yet despite allthis activity, David Schindel, 
‘executive secretary for the Consortium for the 
Barcode of Life based in Washington, D.C., 
argues for patience. “This process has taken 
longer than anticipated and certainly longer 
than what we hoped” he pointsut, “But, at the 
end of the day, the data will reveal which are 
the most effective high-performing regions.” 

ELIZABETH PENNISI 
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ASTRONOMY 


Tooled-Up Amateurs Are Joining 
Forces With the Professionals 


Hobbyists who love the night sky are finding that their skills, and telescopes, are in 


demand with academic astronomers 


BARCELONA, SPAIN—By day, Antonio 
Garrig6s-Sinchez seems like an ordinary guy. 
The proud 46-year-old father of two girls 
‘works as a technician at a printing firm. But 
by night, he transforms, After sundown, 
Garrigds-Sainche retreats to his underground 
Jair, basement office that would not be out of 
place at NASA headquarters, The walls are 
lined with shelves of instruments, journals, 
astronomical reference books, and stacks of 
data backup disks. And with afew clicksat the 
computer on his desk, Garrigés-Sinchez is 
staring into deep space. 

Behind the Garrig6s-Sanchez domicile 
stands an observatory he built 
from off-the-shelf components. 
Through the open dome of the 


to play with telescopes. William Herschel was 
am organist and composer in the English town 
of Bath when, in 1781, he discovered Uranus. 
In North America, amateurs began exchanging 
observations and theory with professionals as 
early as 1868 with the founding of the Royal 
Astronomical Society of Canada, But things 
really got cooking in 1911 when the American 
Association of Variable Star Observers 
(AAVSO) started pooling data in what has 
become the world’s largest database of amateur 
astronomical observations. It was founded at 
Harvard University to ensure that the observa- 
tions made by amateurs would not be lost. 


Light curves of HIP 113790 


projects throughout Europe. The quality of 
these backyard observatories is such that pro- 
fessional astronomers are regular users. 

‘There are several reasons for this blossom- 
ing, says Richard Fienberg, editor of Sky & 
Telescope magazine. “But the biggest break- 
through was the CCD camera,” he says. 
“Itimmediately allowedus tosce objects 0times 
fainter with the same telescopes.” 

The CCD, or charge-coupled device, cam- 
‘era has become the sine qua non of astronom- 
ical data collection since its invention 
3 decades ago, as well as making possible 
cheap video cameras and digital photography. 
CCD cameras allow astronomers to convert 
photons into data much more efficiently. In 
traditional photography, photons trigger a 
‘chemical reaction inthe film that, after several 
steps of development, produces metallic 
‘grains that add up to an image, But ina CCD 
camera, incident photons directly create an 
electrical pulse in a circuit that can be 
recorded on a computer as a pixel. The boost 
in efficieney—CCD cameras detect 

70% of photons compared with 
film's 2% —suddenly turned hum- 
ble backyard telescopes into “very 


cottage-sized building pointsa ga powerful tools,” says Fienberg, 
telescope as big as a torpedo. 4 who was finishing his astro- 
Night after night, guided by his % oss physics Ph.D. at Harvard in the 
computer, it collects light froma & 1980s when CCD cameras were 
zooof strange celestial objects and -005 first coming into mainstream use 
records its data on disk. Garrigés- among professional astronomers, 
Sanchez doesn’t do this only for & °* | Cheap mass-production put 
the joy of watching the night sky: °% 4 CCD photography in the hands 
his data are vital for several = 3 of amateur astronomers by the 
ongoing academic research pro- | en carly 1990s, 

jects, and his name appears as = The new bounty of digital data 
co-author ona string of peer-  I-2 has required heavy-duty comput- 


reviewed papers. 


a ¥ | 
r | 


ing, and amateurs have played a 
role here as well, An amateur- 


Among scientific fields, astro- 
‘omy may be the last one in which 
amateurs can stand shoulder to 


mer Tee 


Corrected Heliocentric Julian Date 


scripted program called Maxim 
DL controls telescope positioning 


4 


shoulder with professionals and 
expand the envelope of knowl- 
cedge. In some cases, they are even 
‘outcompeting professionals for 
research grants. The past decade has seen a 
renaissance in amateur astronomy due to tech= 
nological innovations and cheaper compo- 
nents. Basic research can only benefit by tap- 
ping into this resource, says Joseph Patterson, 
1 professional astronomer at Columbia Uni 
versity, “The sum total of ingenuity and energy 
among the world’s amateur astronomers vastly 
exceeds that of professionals.” 


Cheap tools, long nights 
Amateur astronomers are quick to point out, 
that their research has a long pedigree. Many 
astronomical pioneers were rich men who liked. 


Top quality. Data like these observations ofa variable star rom amateurs are bread 
‘and butter for professional astronomers. 


AAVSO naw logs about | million observations 
per year from amateurs in 45 countries. 
Thescale of such amateur scientific efforts 
isunknown in other fields. (Imagine 2500 vol- 
unteer biologists studying fruit fly develop- 
‘ment with state-of-the-art equipment in their 
own homes.) The AAVSO amateurs co- 
authored 30 peer-reviewed papers last year 
alone, and the association usually holds sev- 
eral active research grants at any one time. 
Dozens of other networks have sprouted up in 
the past decade. Garrigds-Siinchez is part of a 
Barcelona-based group called AstroGea that 
links amateurs with professional astronomy 


and the CCD camera and pro- 
cesses the data. “The quality of 
this software is superb,” says 
AAVSO director Ame Henden, 
“and itis heavily used by professionals.” The 
program is one among many, he says. 

The other key breakthrough was online 
‘communication, because it enables observers, 
to react quickly to fast-changing events, “The 
Internet is key to the blurring of the amateur- 
professional dividing line,” says Henden, A 
recent example is the observation of an 
extremely rare pair of stars, known as V455 
And (for “Andromedae”, in which a white 
dwarf is sucking matter from its partner, a 
brown dwarf. Professionals have been waiting 
for the white dwarf to gather enough nuclear 
fuel to become “cataclysmic,” releasing a 
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sudden explosion of light that 
provides valuable data on stel- 
larevolution. The outburst was 
not expected for decades, but it 
happened on 5 September. A 
Japanese amateur spotted it 
and sent out a notice online 
and amateur telescopes around 
the world swiveled to capture 
the brief event. “Amateurs are 
leading the observational stud- 
ies," says Henden, and “there 
will be many important papers 
that will come from this event.” 


Redefining amateur 

But are amateur astronomers 
aware of how their observa- 
tions translate into real s 
ence? They are, says Fienberg, 
“It’s amazing how well some 
of them follow the field.” 

Take Brian D, Warmer, for 
example. (The initial distin- 
guishes him from a profes- 
sional astronomer in South 
Africa.) “I got my first CCD 
in 1992,” says Warner, who 
was working as a computer 
programmer and television 
reporter in Colorado Springs, 
Colorado, at the time, He is 
part of a network of more than 
1000 internatio 
scrutinizing our solar system's 
minor planets—the asteroids and their ilk, 
most of which orbit beyond Mars. Many are as 
big as mountains, but just finding them in the 
inky blackness was a feat. Mapping the distri- 
bution of these bodies is needed to constrain 
models of how the solar system evolved 
Armed with CCD cameras, amateurs became 
latter-day Galileos, reporting hundreds of pre- 
viously unidentified astronomical bodies. 

That bonanza came to an end when the 
professionals caught up in 1997 with the first 
full-sky digital surveys. “But that justchanged 
the game.” says Warmer. Instead of identifying 
new minor planets, amateurs focused their 
efforts on characterizing them, making 
repeated observations to reveal their size and 
rotational speed and whether they are orbited 
by their own tiny moons. And this is where 
Warner and others got deep into the science. 

‘A burning question is how minor planets 
acquire their own satellites. The prevailing 
theory in the 1990s held that if a minor planet 
swings close to an enormous body like Mars, 
the pull of its gravity can break a chunk free 
from the small body's surface. To test that the- 
ory, Warmer searched for dancing pairs of bod- 


amateurs 
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For the love of it. Antonio Garrigés-Sanches (ight) in a homemade observatory. Backyard 
facilities such as these are luring professional astronomers into research collaborations. w 


ies far beyond the reach of the major planets 
Over the past 3 years, he has identified five 
pairs. The discovery helped rule out the tug- 
of-gravity theory, and a new explanation- 
that solar heating causes rotational accelera- 
tion that flings chunks off made the cover of 
Science last year (24 November 2006). 
Warmer is sheepish about calling himself 
fan amateur these days, because he has earned 
a master’s degree in astronomy from James 
Cook University in Townsville, Australia, and 
js a full member of the American Astronomi- 
cal Society (AAS), an organization generally 
open only to professional astronomers, 
granted on the basis of his published work. 
Buthe still considers himself the amateur half 
of a collaboration that began at a minor planct 
conference in 1999 when he met Alan Harris, 
a planetary astronomer at the Space Science 
Institute in Boulder, Colorado, Warner him- 
self won grants from the U.S. National Sci 
ence Foundation and NASA this year. One of 
his missionsis to catalog the spin properties of 
all known near-Earth objects, based on his 
observations and those in the literature. Aside 
from the value to basic science, the project 
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“does have that extra Holly- 
wood aspect of helping to pre~ 
venta global catastrophe,” says 
Wamer. Any one of thousands 
of nearby asteroids could dev- 
state the planet on impact. 

Wamer's achievements in 
the field make him stand out, 
but he's not unique. The num- 
ber of amateur-professional 
research collaborations has 
exploded simply because “pro- 
fessional astronomers need 
them,” says Patricia Lampens, 
an astronomer at the Royal 
Observatory of Belgium in 
Brussels. Her own field of 
rch, variable stars, is a 
cease in point. This class of stars 
is mysterious because they 
grow brighter and fainter peri- 
odically. To tease apart the 
many causes of variability, 
data must be collected continu- 
ously throughout a star's cycle, 
which can range from minutes 
to years in duration, to obtain a 
“light curve.” Getting just a 
single night at one of the major 
professional telescopes is 
like winning the lottery, but 
amateurs have the “luxury” 
of observing whenever they 
she says, Amateurs such 
as Garrigds-Sinchez “deliver 
very high-quality data” on the same target 
over “many weeks or even months” for free. 
The stellar light curves cataloged by AAVSO 
are of similar quality. 

For professionals to take full advantage of 
this free resource, some sort of dating agency 
is required. “What's needed isan efficient sys 
tem to connect professional astronomers one 
to-one with well-equipped amateurs,” says 
Fienberg. He is now helping to set up a “pro- 
amateur registry” through AAS. Profiles of 
international amateurs will include their tele~ 
scope specifications, observing experience, 
and e-mail addresses. And professional 
astronomers will post details about their 
research projects and what kinds of observa- 
tions they seek. 

‘The registry is bound to blur the amateur- 
professional line further. When it comes 
to astronomy, says Donald Kurtz, an 
astronomer at the University of Central Lan- 
cashire in Preston, U.K., “the term ‘amateur’ 
should be taken in its original French mean- 
ing”: a “lover” of astronomy, not necessarily 
lacking in skill. 


~JOHN BOHANNON 


12 OCTOBER 2007 


NEWSFOCUS L 


193 


194 


OMMENTARY 


LETTERS | BOOKS | 


LETTERS 


POLICY FORUM T 


EDUCATION FORUM | PERSPECTIVES 


edited by Jennifer Sills 
The Fire Retardant Dilemma 


ALTHOUGH SMOKING AND FIRE DEATHS ARE RAPIDLY DECREASING IN THE 
United States (/), proposed new flammability regulations could add 
tens of millions of additional pounds of potentially toxic fire-retardant 
chemicals to bed clothing, pillows, and foam within upholstered furni- 
ture (2). In the 1970s, the flame retardants brominated tris [tris (2,3~ 
dibromopropy!) phosphate] and chlorinated tris [tis (1,3-dichloro-2. 
propyl) phosphate] were removed from use in children’s sleepw 
afterbeing found tobe mutagens (3, 4) that could be absorbed into ct 
dren’s bodies (5). They are also probable human carcinogens (6, 7) 
Today, chlorinated tris is the second most used fire retardant in furni 
ture, found in amounts up to 5% of the 
foam’s weight. How did this happen? 

Inthe 1980s, the fire retardant penta 
bromodipheny! ether (pentaBDE) was 
added to polyurethane foam to meet 
California's Technical Bulletin 117; to 
date, no other states have similar regula 
tions, PentaBDE disassociates from 
foam and migrates into the indoor envi- 
ronment [especially household dust 
(8); studies show that pentaBDE is 
bioaccumulating and has the potential to 
adversely affect health (9) and the env 
ronment, In 2003, California banned 
pentaBDE; eight other states and the 
European Union (EU) followed suit. In 
2004, the U.S. manufacturer voluntarity 
ceased production. 

PentaBDE was replaced by chlori- 
nated tris and unknown proprietary 
mixtures containing chemicals such as 
chloroalky! phosphates, halogenated 
arylesters, and tetrabromophthalate diol 
diester, which may be no safer. An EPA 
study of these chemicals shows areas of 
concern, as well as large data gaps for 
human health and environmental safety 
information forall of them (/0). 

While we continue to risk our health 
through exposure to these retardants, 
they do not appear to provide measurable 
fire protection. From 1980 to 1999, 
states that did not regulate furniture 
flammability experienced declines in 


Xs 


Related structures. PBDES, used 
a fire retardants in furniture, 
are structurally similar to the 
known human toxicants PBBS, 
PCBs, dioxins, and furans. In 
addition to having similar 
‘mechanisms of toxicity in ani- 
‘mal studies, they also bioaccu- 
mulate and persist in both 
‘humans and animals. 
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fire death rates similar to that 
seen in California (1). Other 
causes of fire death reductions 
nationwide include a $0% de- 
crease in per capita cigarette 
consumption since 1980; en- 
forcement of improved build 
ing, fire, and electrical code 
and increased use of smoke 
detectors and sprinklers. Re 
cent legislation mandating 
fire-safe cigarettes in 22 states, 
including California, should 
bring further reductions in 
deaths due to fire, without ad- 
ding questionable 
home furnishings. 

ew European regulations for the Registration, Evaluation, 
Authorization of Chemicals (REACH) require industry to provide 
data to establish the safety of new and existing chemicals. The United 
States should follow suit. In California, Assemblyman Mark Leno 
introduced AB 706, a bill that authorizes the state to consider 
‘human health and environmental impacts, as well as fire safety, when 
regulating flammability. This bill would prohibit the most toxic 
classes of chemicals in furniture, mattresses, and bed clothing 
(unless the manufacturer can establish their safety) and stop the eycle 
of replacing one toxic fire retardant with another, 

Fire-retardant chemicals in our homes should not pose a greater haz 
ard to our health and environment than the risk ofthe fires they are sup- 
posed to prevent. Equivalent or greater fire safety can be achieved with 
new technologies and materials, furniture design, and green chemistry. 

‘ARLENE BLUM 
Center on institutions and Governance, Univesity of California, Berkeley, CA98720, USA, 


Detection. Biophysical chemist Arlene 
Blum, using an x-ray fluorescence analyzer, 
measures 5% bromine from the fie retar- 
dant in her couch foam, 
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Addressing Cumulative 
Selection 


IN HIS UNFAVORABLE REVIEW ("GOD AS GENETIC 
engineer,” Books eral,, 8June, p. 1427) ofmy 
book, The Edge of Evolution (1), Sean Carroll 
«writes that “Behe's chief error is minimizing 
the power of natural selection to act cumula- 
tively.” and implies that I fail to discuss 
“pyrimethamine resistance in malarial para- 
sites ... —a notable omission given Behe 
extensive discussion of malarial drug resist- 
ance." The insinuation is that 1 ineluded only 
‘what fit my purposes. Yet I explicitly discuss 
multiple mutations of pyrimethamine resist- 
ance: “Although the first mutation (at post- 
tion 108 of the protein, as it happens) grants 
some resistance to the drug, the malaria is still 
vulnerable to larger doses. Adding more 
mutations (at positions 51, $9, and a few oth- 
ers) can increase the level of resistance” [(/), 
p. 79]. In the same section, | also discuss the 
development of insecticide resistance in mos 
quitocs by “tiny, incremental steps—amino 
acid by amino acid—teading from one 
biological level to another.” Furthermore, 
in other sections, I describe a cumulative 
Darwinian route to antifreeze proteins and 
extensively address hemoglobin C-Harlem 
to illustrate the crucial difference between 
beneficial intermediate mutations and 
deleterious intermediate ones. 

‘MICHAEL J. BEHE: 


Department of Biological Sciences, Lehigh University, 
Bethlehem, PA18035, USA. 


Reference 
1. M.}. Behe, Th Edge of Evolution The Search forthe 
Lis of Darwinism (ree Press, New York, 2007) 


Response 
BEHE DID INDEED DISCUSS PYRIMETHAMINE 
resistance on pages 75 and 76 of his book (1) 
My criticism is that Behe omitted the clear 
evidence for the cumulative selection of mul- 
tiple changes in the drug target protein in 
nature and that he invoked an altogether dif= 
ferent and unsupported explanation in an 
attempt to bolster his main premise. In his 
Letter, Behe has misrepresented the thrust of 
the actual text of his book. 

With respect to the latter, the passage he 
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Comment on “Emergence of Novel Color Vision in 


a Human Cone Photopigment” 
Walter Makous: 


e Engineered to Express 


Jacobs et ol. Reports, 23 March 2007, p. 1723) reported that plasty inthe mammalian visual system permitted the 
emergence of “a new dimension of Sensory experience” in mice genetically engineered to expres a human long- 
wavelenath-sestive cone photopigment. Hnever nether neural plastic nor anew dimension of sensory experiences 


required to explain thei results. 


Fall text at womesciencemag,orgiegicontentfull318/S848 1966 


Response To Comment on “Emergence of Novel Color Vision in Mice 
Engineered to Express a Human Cone Photopigment” 


Gerald H. Jacobs and Jeremy Nathans 


Makous suggests that the novel color vision documented in knodkin mice nether requires visual system plasticity nor 
implies the emergence of anew dimension of sensory experience, We explain why we disagree, 


Fall text at woe sciencemag.orgegi/contentfull318/5848/196¢ 


quotes in his Letter about how “fading more 
‘mutations ... can increase the level of resist- 
‘ance” is immediately followed in his book by 
the disclaimer that “fhJowever, as usual there's a 
hitch, Some of those extra mutations (but not the 
first one) seem to interfere with the normal 
work of the protein” (p. 75). Behe is clearly 
seeking to convey the message that there is 
some impediment to Darwinian evolution via 
‘muhiple intermediates, both inthis specific case 
and in general (hence the phrase “as usual”), 

However, this is not the case. Careful 
inspection of the data in the reference | cited 
(2) reveals that, in fact, certain mutations 
(e.g., Cys4Arg) increase specific parame- 
ters of the enzyme’s performance. Structural 
studies suggest that this mutation, found at 
very high frequency in drug-resistant para- 
sites in nature, improves enzyme binding to 
substrates in the context of otherwise adverse 
mutations (3). Furthermore, pyrimethamine- 
resistant dihydrofolate reductase enzymes 
actually have activities equal to or better than 
the wild-type enzyme (4). Behe also neg- 
lects to note the fact that such triple and 
quadruple mutant enzymes have been found 
in isolates from India, Southeast Asia, East- 
ern Africa, and South America, including 
areas where pyrimethamine use has been lim- 
ited. The latter suggests that mutant parasites 
may be as fit as wild-type parasites. 

Instead of enlightening his readers with 
an explanation of how sequential mutation 
and cumulative selection has operated in 
this example, Behe changes the direction of 
the discussion back to the main (and erro- 
cous) argument of his book—the necessity 
for two of more simultaneous mutations for 
changes in function. He speculates that 
“two further, simultaneous mutations seem 
to be necessary” for the evolution of pyri- 
methamine resistance, despite the fact that 


the authors 1 cited (2) explicitly demon- 
strated two different pathways to triple and 
‘quadruple mutants via stepwise processes. 
Behe does not cite this work and he obfus- 
ccates the clear but inconvenient message in 
this body of data, 

If, as Behe now seems to imply in his 
Letter, he isa greater proponent of cumula- 
tive selection than I gave him credit for, 
why would he, with so many available ex- 
amples, characterize it as “rare”? It is 
because cumulative selection is fully capa- 
ble of producing what he claims Darwinian 
evolution cannot do. The minimization of 
‘cumulative selection and the complete dis- 
regard of a massive literature surrounding 
protein interactions are crucial to Behe’s 
entirely unfounded conclusion that “com- 


plex interactive machinery ... can’t be put 
together gradually” (p. 81) and must there~ 
fore be designed. SEAN B. CARROLL 


Laboratory of Molecular Biology, Howard Hughes Medical 
Institute, University of Wisconsin, Madison, WI $3706, USA. 
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EVOLUTION 


... and a Partridge in Allopatry 


Loren H. Rieseberg 


revor Price isa brave man. In writing a 
T book on speciation in birds, Price faces 
inevitable comparisons with larger- 
than-life evolutionary biologist Emst Mayr, 
‘who was “firstand foremost an ornithologist” 
(Z), Mayr’s studies of bird species formed the 
basis for many of his ideas about speciation 
and provided the foundation 
for his influential mono- 
graphs on animal speciation 
(2, 3). Speciation in Birds also 
has the misfortune of appear- 
ing shortly after comprehen- 
sive and critically acclaimed Ry 
treatments of speciation (4) II 
and speciation theory (5). 
‘These are hard acts to follow. 

So how does Speciation in Birds compare 
with these earlier volumes? In my view, it 
fares well, Price (an evolutionary biologist at 
the University of Chicago) has an advantage 
relative to Mayr in that most bird species 
and their geographic ranges have now been 
described. Also, for many bird species, an 
‘enormous quantity of information now exists 
‘about their behaviors, phylogeography, phylo- 
genetic relationships, age, cross-compatibil- 
ity, and past instances of hybridization, This 
has allowed Price to conduct a wide array of 
‘meta-analyses, which lead to quantitative and 
statistically supported conclusions about spe- 
ciation that were not possible in Mayr's day. 
This exhaustive compilation of relevant data 
and the subsequent analyses give Price's book 
value beyond any conclusions about specia- 
tion that are made. 

‘Speciation in Birds is largely complemen- 
tary to Jerry Coyneand Allen Orr's Speciation 
(4)and Sergey Gavrilets's Fimexs Landscapes 
and the Origin of Species (5). Birds have been 
favorite subjects of ecological, behavioral, 
and biogeographic study for more than a cen- 
tury, and Speciation in Birds makes its most 
‘valuable contribution in these areas. Birds are 
less amenable to genetic study. an area in 
which Speciation excels. Likewise, despite 
Price’s cogent explanations of speciation the- 
‘ory, more comprehensive discussion and eval- 
uation of mathematical models of speciation 
can be found in Speciation and in Fitness 


Speciation in 
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Landscapes. Lastly, if one cares about specia- 
tion in more diverse organismal groups, such 
as beetles or flowering plants, one must under- 
standably tur to other sources. 

Price’s conclusions about species and spe- 
ciation are mostly in line with those of Mayr, 
Gavrilets, and Coyne and Orr. Like these 
authors, Price adheres to Mayr's 
biological species concept and 
its focus on the evolution of 
reproductive barriers. However, 
Price is more willing than Mayr 
to recognize its operational 
difficulties when classifying 
allopatric taxa. Price uses com- 
bination of phylogenetic and 
biogeographic data to assess 
and validate Mayr's claim that geographic 
separation (allopatry) contributes to nearly all 
speciation events in birds. Whether this con- 
clusion can be applied to other less vagile 
organisms remains unclear, 

Incontrast to his support for the biological 
species concept and allopatric speciation the- 
ory, Price finds little evidence for Mayr’s 
founder effect speciation model, in which 
colonization of an empty habitat by a few 
individuals increases the probability of speci- 
ation. On the basis of comparative ecological 
data, he concludes that selection pressures 
imposed by variation in the biotic environ- 
‘ment on small istands are responsible for phe- 
notypic differences that Mayr attributed to 
drift. In this conclusion, Price is supported by 
theoretical and experimental studies, which 
indicate that genetic drift is less efficient than 
selection in the generation of population dif- 
ferences (4, 5). However, these data do not 
rule out a pluralistic explanation for the evo- 
lution of reproductive isolation involving 
both selection and drift across high fitness 
ridges (5, 6). 

(Ofpethaps greater interest are Price's con- 
clusions about the roles of ecology and social 
selection in speciation; these remain relatively 
unexplored subjects about which birds have 
much to offer (6). Closely related species of 
birds often differ in ecologically important 
traits—such as body size, habitat preferences, 
and feeding and migratory behaviors—that 
are also likely to contribute to both premating 
and postmating reproductive isolation, These 
observations, combined with classic studies 
of ecologically driven speciation in Darwin's 
finches (7) and crossbills (8), imply that eco- 


Birds 


logical selection likely contributes to most 
speciation events in birds. However, Price 
cautions that divergence of most co-occurring 
bird species is too ancient to make inferences 
about the causes of speciation and that studies 
of recently divenged species, such as Darwi 
finches, highlight the fragility of ecological 
reproductive barriers. He concludes that "it is 
unclear if ecological causes are sufficient or 
even important in many speciation events.” 
This somewhat negative assessment of the 
role of ecology in speciation is tempered by 
speculation in later chapters that rapid ecolog- 
ical speciation may account for short branch 
lengths detected early in the evolution of 
many bird genera, 

Price is more confident about the impor~ 
tance of social selection in speciation, con- 
cluding that “divergence in socially selected 
traits is an essential component of most 
perhaps all—speciation events.” The main 
support for this conclusion is that socially 
selected traits such as differences in song and 
plumage are used in species recognition 
by both birds and their taxonomists, In- 
terestingly, social selection appears to be 
more generally important in speciation in 
birds than sexual selection, despite the 
‘emphasis in the literature on the latter, Price 
also argues that ecological factors are a major 
‘cause of divengence in socially selected traits, 
an assertion that, while strongly supported, 
seemingly is at odds with his earlier pes- 
simistic assessment of the importance of 
‘ecology in speciation. 

Students of speciation are fortunate to 
have three important books on the topic 
appear in the past three years, particularly 
given that during the previous century, books 
of this quality on speciation appeared once 
every one or two decades. Speciation in 
Birds also demonstrates the influential con- 
tributions, indeed special role, that studies of 
birds continue to make to our understanding 
of speciation 
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SYMPOSIUM: PSYCHOLOGY 


Matters of the Heart 


A.J. Wells 


ardiology tells us that the heart is a 
( ‘pump, a complex but unfeeling piece 

‘of machinery that sustains and regu- 
lates the circulation of the blood. Cultural tra- 
ditions from around the world, by contrast, 
suggest that the heart is the seat of the emo- 
tions. Language, both mundane and poetic, 
hay many terms that link the heart and the 
emotions, not least the English adjective 
“heartfelt.” A heartfelt emotion is sincere, 
impassioned, and deeply rooted in the psyche 
of one who experiences it. The word heartfelt 
has positive emotional connotations, while 
heartless has negative ones, 

Isthere any truth in the long-standing asso- 
ciation of emotions with the heart, or is it 
merely the stuff of superstition and myth? 
“Heartfelt Emotions,” a symposium that 
brought to a close a program of events 
supporting The Heart exhibition at the 
Wellcome Collection's recently refur- 
bished building in London, explored 
this question, The symposium included 
contributions from the exhibition's 
heart scientists, poets, writ- 
ers, historians, psychologists, and a 
keenly interested audience. (Some par- 
ticipants also contributed to the volume 
edited by James Peto, which accompa- 
nied the exhibition.) It was a fascinat- 
ing meeting that inchided readings of 
poems and discussion of a wide range 
of emotion-related topics. The current 
scientific consensus does not endorse 
the view that the heart isthe seat of the 
emotions. However, we learned, this 
does not imply that the heart has 
no role in emotional experience 
Accumulating evidence is building a 
complex and intriguing picture of the 
emotions as elements of a sophisti- 
cated and highly reactive behavioral 
control system involving the heart, among. 
other organs, and both central and autonomic 
nervous systems. Broadly speaking, the auto- 
nomic nervous system provides, in Walter 
Cannon's wonderful phrase, “the wisdom of 
the body,” the central nervous system exer- 
cises a degree of conscious control over 
behavior, and the heart powers the muscular- 
skeletal system for fight and flight responses. 
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The conscious mind and the 
heart are interdependent parts 
of this complex emotion sys- 
tem, Evidence presented at the 
symposium suggests that peo- 
ple who are more aware of 
their bodily responses (includ- 
ing their heartbeat) may expe- 
rience emotions more strongly 
than others. Also discussed 
was evidence for the “broken 
heart” syndrome: Involvement 
in traffic accidents increases 
after bereavement, and the age- 
related probability of dying 
increases for a period after the 
death of a spouse. 

Neuroscientific, clinical, 
behavioral, social, epidemio- 
logical, historical, and literary 
expertise were all in evidence at the sympo- 
sium, Each of these sources feeds information 
into the contemporary study of emotions. The 
confluence of such diverse streams prompts 


Our Lady of the Seven Sorrows (polychromed wood, 18th century, Italy). 


questions, also suggested by the organization 
of the symposium, about the nature of emo- 
tions and the best ways to study them. It was 
heartening to see practitioners of so many dif- 
{erent disciplines coming together in the same 
auditorium, but the symposium was multi- 
disciplinary rather than interdisciplinary 
because the arts and the sciences remained 
sundered. The poets and the cardiologists, for 
example, never shared the platform, Although 
a cross-disciplinary panel involving all the 
disciplines represented in the symposium 
might have taxed even the highly skilled 
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Heartfelt Emotions 


BOOKS ETAL [ 


organizer and the session chairs, 
it would have been a worth- 
while exercise. 

It is clear from the sympo- 
sium that the emotion system is 
highly complex, but the contin- 
uing separation of the disci- 
plines studying it suggests that 
we have yet to achieve an 
overarching framework within 
which it could be understood 
as a unified whole, The 
eminent mathematician and 
computer pioneer John von 
‘Neumann, in a prescient 1948. 
paper (/), distinguished “spe~ 
cial phases” from “general 
syndromes” of behavior. The 
distinction is, essentially, one 
between parts and wholes, Von 
Neumann's view was thatthe individual parts 
of complex systems would be amenable 10 
standard, scientific methods of investigation 
but that the functioning of highly complex 
wholes was likely to require new 
insights and methods, 

Evolutionary biology has made 
‘enormous progress in recent de- 
cades, and evolutionary theory 
has begun to make its presence 
felt in other life and social sci- 
ences, including psychology. It 
may well be that evolutionary 
theory will also provide the core 
concepts for the study of the emo- 
tion system. Danwinian thinking 
‘was in evidence during this most 
enjoyable symposium but more 
inthe background thanas aunify- 
ing framework, 

The Wellcome Collection is 
partof the Wellcome Trust, oneof 
‘whose founding principles is the 
idea that science is part of culture. 
When the broader culture of a 
society nurtures science, the inno- 
vative thinking on which scien- 
tific progress depends is fostered. 
“Heartfelt Emotions” was a fine example 
of the principle in practice. Following, 
the model of The Heart and “Heartfelt 
Emotions,” the Wellcome Collection plans 
future exhibitions with related symposia, The 
chances seem excellent that those events will 
Sct the pulses icing as this one dd. 
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SUSTAINABILITY 


USGS Goals for the Coming Decade 


M.D. Myers,'* M. A. Ayers,* J. S. Baron, 
E.S. Schweig,* J. Thormodsgard,” C. van Riper! 
he United States and the world today 

[ face formidable challenges that have 

major implications for priorities in the 
conduct and direction of natural science, par- 
ticularly government-sponsored science. With 
these challenges in mind, the US. Geological 
Survey (USGS) proposes six inte 
grated multiscale strategic direc 
tions that will help the United 
States address complex environ 
‘mental problems (/). 

‘What sets this plan apart from 
previous efforts is a vision of inte 
gration across and among each of 
the science directions. For each, 
‘we will take a systems approach to 
evaluate broad causes and conse- 
quences of the use and manage- 
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actions, condition, and conservation require- 
ments of organisms in terrestrial, freshwater, 
and coastal/ marine environments. We plan to 
provide a variety of services including maps, 


regular updates on the status and trends of 


species and resources, and plausible forecasts 


The USS. Geological Survey (USGS) proposes six 
strategic directions for managing ecosystems 
‘along with modernization of observation 
networks of land, water, and biological resources, 


‘edge gained to understanding potential future 
states and processes. Expanded and modern- 
ized USGS observing networks of land, water, 
and biological resources will be crucial to rig- 
orous analyses of future responses of biologi- 
cal organisms, hydrological conditions, and 
ecosystem conditions to climate 
change. The USGS will increase 
its capability to provide output 
from predictive and empirical 
models for managers to test adap- 
tive strategies, to reduce risk, and 
to increase the potential for hydro- 
logical and ecological systems to 
be self-sustaining, resilient, or 
adaptable to climate change and 
related disturbances, Coupled mod!- 
ing and long-term monitoring in 


‘ment of natural resources and earth 
processes. This vision will be fos- 
tered by the integration of the 
talents of the USGS workforce 
of biologists, hydrologists, geo- 
logists, and geographers. The six 
directions described below are 
‘mutually reinforcing and ecosys 
tem-based. They build upon, rather 
than supplant, existing areas of 
expertise within the USGS, 
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30% 
Understanding ecosystems and 
predicting ecosystem change. 


the western United States already 
show strong responses of ecosys- 
tems, streamflow dynamics, and 
sea level to climate change and 
variability; results that have been 
put to use for setting climate- 
change policy in California, Al- 
though some findings have been 
applied in the past, the expanded 
effort will extend capabilities across 
the United States in response to the 
need of management agencies, 


Energy and minerals for America’s 


USGS will develop and convey 
1 fundamental understanding of 
‘ecosystem distributions and their 
components and dynamics. in ad 
dition to forming a scientific basis 
formanaging ecosystems, the info- 
mation, understanding, methods, 
and approaches will serve as a 
critical underpinning for all other 
USGS science directions. To make 
these measurements, we will ex- 
pand and modernize observing networks by 
colocating biological, biophysical, and bio- 
geochemical measurements. USGS will sys- 
tematically characterize the distribution, inter- 
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By documenting the number of days historically close to freezing, USGS 
hhas begun mapping vulnerability to warming. (Top) Number of days per year 
with mean temperatures between O°C and ~3°C (1950-1999) (3). (Bottom) 
‘Number of new days above freezing projected to occur at different degrees of 
warming, wth probability-weighted distribution as determined from an ensem- 
ble using 18 projections in various climate models (4). Knowiedge about how 
climate change affects seasonal snowpacks i used to forecast future changes in 
timing and amount of river flow and other ecological responses by vegetation 
and wildlife that rely on snow for moisture and habitat. 


of potential shifts in environmental condi- 
tions. Data holdings indexed by subject, place, 
and time will be made available through 
Internet portals 


Climate variability and change. The USGS 
will build on its strengths in paleoctimatology 
and past interactions of climate with land- 
scapes and ecosystems and apply the know!- 


future. USGS will move beyond 
documenting the origin and oceur- 
rence of today's dominant mineral 
and hydrocarbon resources to a 
global-scale intendisciplinary re- 
search approach. We will expand 
the portfolio of commodities ad- 
dressed and will assess the flow of 
‘materials through our economy, as 
well as their impacts on the envi- 
ronment. The result will be an 
enhanced understanding and evaluation of 
how the complex “life eycle” of occurren 
‘genesis, extraction, use, and waste influence, 
are influenced by landscape, hydrology, cli- 
‘mate, ecosystems, and human health. USGS. 
will integrate assessments of energy resources 
such as geothermal, gas hydrates, and oil shale 
with the consequences of developing and 
using fossil and alternative fuels, including 
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changes in atmospheric carbon dioxide levels, 
land-use change, and climate change. USGS 
will expand existing research efforts on the 
ccarbon cycle and carbon sequestration in geo- 
logical and biological reservoirs, 


A national hazards risk and resilience assess- 
‘ment program. The risk to society and envi- 
ronment of the combined effects of such nat- 
ural hazards as coastal erosion, earthquakes, 
floods, geomagnetic storms, landslides, 
tsunamis, volcanoes, wildfires, and zoonotic 
diseases will be assessed and communicated. 
USGS will also address the influence of 
‘mate variability and change on the frequency 
and intensity of natural-hazard events. 
‘Accurate forecasts and predictions of hazard 
losses depend ona thorough understanding of 
the processes controlling hazard occurrence, 
distribution, timing, and severity, as well as 
the effects of the hazard on the landscape, 
built environment, and human safety. USGS 
will expand its present strength in hazard 
process research to advance improvements in 
forecasting probabilities of hazards, as well 
sto improve understanding of societal vul- 
nerabilities to hazards, Reduction of losses 
from natural hazards requires the best infor- 
mation about hazards themselves, as well as 
aan understanding of risk and the cost effec- 
tiveness of mitigation and response strate- 
gies. It also requires commitment and in- 
volvement with communities, USGS will 
increase efforts to communicate how com- 
munities are at risk from natural hazards, 
about what makes communities more re- 
silient to extreme events, and about ongoing 
changes in the environment that relate to nat- 
ural hazard vulnerability. 


The role of environment and wildlife in 
‘human health. USGS scientists have a long- 
standing multidisciplinary focus on environ- 
‘mental aspects of human health. USGS sci- 
entists are among the world’s experts on 
\wild-animal disease transmission to humans, 
drinking water contaminants, air-dust-soil- 
sediment-rock contaminants, pathogens in 
recreational water, and the use of wild ani 
‘mals as sentinels for human health. USGS is, 
the primary governmental agency responsi- 
ble for wildlife research and has, for exam- 
ple, been heavily involved in tracking bird 
., deaths from West Nile virus, Ithas worked in 
§ close collaboration with the U.S. Department 
§ of Agriculture to monitor and assess the 
& potential for Avian Influenza introduction to 
the United States by migratory birds. USGS 
E scientists also conducted the first national 
§ reconnaissance of emerging contaminants 
8 such as pharmaceuticals, hormones, and 
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‘Annationwide mercury-sensitivity map is being developed at USGS for aquatic ecosystems in the contigu 
‘ous 48 states. On this map, greater scores represent more sensitive ecosystems, The primary route of 
‘methylmercury exposure for both people and fish-eating willie is mercury in fish. This map is derived from 
‘more than 55,000 water-quality sites and 2500 watersheds, [USGS mercury information (5)] 


other organic wastewater contaminants in our 
streams, What has been lacking isa systematic 
organization and communication of these data 
ina human health context. USGS proposes to 
develop an online data atlas of potential envi- 
ronmental health threats and to develop a peri- 
dic reporting of how conditions are changing 
at the national and regional level, 


‘A water census for the United States. The 
USGS will develop a National Water Census 
for the first time in 25 years to meet the need 
fora comprehensive, scientific accounting of 
the status and trends in freshwater quantity 
and quality for human and ecological needs 
ofthe nation. 

The USGS water census will focus on 
the 21 water-resource regions of the United 
States, including their watersheds and asso- 
ciated aquifers (2), as well as offshore 
extents. Each region has local and regional 
aspects of water supply and demand that 
must be considered in determining where 
the water is located. how much fresh water is 
present, the quality of that water, the amount 
of water used, and if that supply of fresh 
water is stable, increasing, or decreasing. 
New research will better define the charac- 
teristics of watersheds and aquifers that con- 
strain how much water can be stored, trans- 
mitted and used for societal or environmen- 
tal purposes. New directions will include 
estimates of water use and water availability, 
as well as quantification of the dynamic 
freshwater resource needs of aquatic ecosys- 
tems and their biota. The water census will 
inform the public and decision-makers 
about forecasts of likely outcomes for water 
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availability, water quality, and aquatic eco- 
system health caused by changes in land use 
and land cover, natural and engineered infa- 
structure, water use, and climate change, 


Conclusions. Initial steps toward implement- 
ing the six strategic directions can be made 
with existing funding, but the realization of 
the full benefits to the nation will require an 
infusion of new resources. The benefits to 
the nation will be substantial. Sustainability 
not only requires that scientists document the 
condition and trends of Earth’s resources, but 
also implies that scientists effectively inform 
nonscientists on the drivers of change so that 
society may effectively manage natural re= 
sources and can avoid crossing thresholds 
leading to disasters. The USGS chooses the 
above science directions because they are 
critically important and will require the best 
of the organization to fulfill, and because we 
believe these are the science directions that 
‘can and must provide information for resolv- 
ing some of the mosteritical natural resource 
challenges facing the nation and the world. 
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EVOLUTION 


Stable Heterozygosity? 


‘Matthew Meselson and David Mark Welch 


delloid rotifers (see the figure), com- 
B prising some 380 dweev poce, 

are common aquatic invertebrate: 
\ith highly unusual properties, most famously 
their putatively ancient asexuality and ability 
to survive desiccation at any life ta ly 
asexual, their evolutionary success may hold 
the answer to why nearly all higher eukaryotes 
reproduce sexually and why asexual eukary- 
otes, arising occasionally from sexual ones, 
are almost always evolutionarily short- 
lived. On page 268 of this issue, Pouchkina- 
Stantcheva etal. (7) present evidence of func- 
tional divergence between two copies of a 
gene expressed in bdelloids during desicca- 
tion, Such genes encode proteins involved 
in desiccation resistance in plants, inverte~ 
brates, and microorganisms. The authors 
argue that such divergence could provide 
bdelloid rotifers with greater phenotypic 
variation and a potential advantage from 
asexual reproduction, 

‘The most sturdy evidence for bdelloid 
asexuality is that despite much observation 
and study in the field and in laboratory cul- 
ture since bdelloids were described by van 
Leeuwenhoek more than 300 yearsago, males, 
hermaphrodites, vestigial male structures, and 
meiosis (the reduetional cell division process 
that gives rise to gametes in sexually reproduc- 
ing organisms) have never been documented. 
Instead, bdelloid eggs are produced from pri- 
mary oocytes by mitosis (the cell division 
process by which most cells divide) 

Another sortof evidence forasextality has 
been sought in the form of high divengence 
between gene copies that were alleles—that 
is, alternative forms of a gene that occupy the 
ssime position on a chromosome—before sex 
‘was abandoned (2). In sexual species, meiosis 
separates alleles, and not all alleles in the 
parental gene pool are transmitted to the next 
generation, thus limiting the divergence that 
can accumulate within a species. But if sex, 
and therefore meiotic segregation of alleles, is 
abandoned (so the argument goes), former 
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alleles should diverge, with only occasional 
homogenization by molecular recombina- 
tion processes such as gene conversion or 
mitotic crossing-over. Under such condi- 
tions, in which former alleles are allowed to 
evolve more or less independently for suffi- 
ciently long intervals, alleles at some loci 
might be imagined to diverge in function, 
This is how Pouchkina-Stantcheva er al. 
interpret their findings. 

In a screen for genes involved in d 
tion resistance, Pouchkina-Stantcheva etal. 
identified two copies of a late embryogenesis 
abundant (/ea) gene from a complementary 
DNA (cDNA) library of the bdelloid rotifer 

Adineta ricciae. Akhough differing 

at only 12 of 376 aligned amino 
acid positions, the two proteins 
encoded by the genes are found, 
when tested in vitro, to have puta- 
tive desiccation-protective activi- 
ties that are distinct. Analyses of 
bdelloid nuclei with a lea probe 
indicate that the two /ea genes are 
likely located on two different chro- 
mosomes. The authors interpret 
this to mean that the two /ea genes 
descended from former alleles that 
ad not segregated for a very long 
time—long enough to accumulate 
13.5% divergence at those sites that 
do not change the amino acid 
sequence of the LEA protein. By 
contrast, a broad survey of inverte- 
brate species found an average of 
only 2.7% divergence between alle- 
les at sites that do not change the 
amino acid sequence (3). Arguably, 
the ~S-kb region of homology that 
the authors identify as containing 
the fea copies could represent a 
duplication of the /ea gene rather 
than allelic segments. Nevertheless, 
their results are consistent with 
indications of divergent function 
between gene copies on character- 
ized allelic segments of the bdelloid 
Philodina roseola (4. 5). 

‘Assuming that the two fea 
genes are located in allelic seg- 
ments of different chromosomes, 
as Pouchkina-Stantcheva er al. 
conclude, could they represent an 
‘extremely polymorphic locus in a 


Evolutionary change in organisms that 
reproduce asexually may be driven in part 
by the divergent function of genes that were 
formerly alleles. 


sexual population? Or, if bdelloids really are 
ancient asexual organisms, are the fea genes 
descendants of former alleles that have 
escaped homogenization? It would be evi- 
dence for the latter ifthe divergent ea copies 
were found on separate chromosomes 
in bdelloid species other than A. ricciae. 
Although it could be argued that selection 
against homozygotes (identical alleles at a 
particular locus) could have maintained k 
cerozygosity even in a sexual population, itis 
striking that, other than the textbook case 
of excess heterozygosity at the human B- 
hemoglobin locus (in populations in malarial 
regions), compelling evidence for other 


Challenging ideas about sex. 
Bielloid rotifers, such as 
Philodina roseola, can survive 
long periods of desiccation. 
Evidence suggests that bdelloids 
descended from a common 
aseual ancestor millions of 


years ago, Their continued 
existence presents a challenge 
to explanations of why sex is the 
dominant form of reproduction 
in multicellular eukaryotes, 
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examples is almost entirely lacking (6). 

If bdelloids are asexual, such divergence 
might be quite stable if the lethality of 
homozygosis from occasional homogenizing 
events is offset by the benefit of having two 
gene copies with divergent function. In that 
case, heterozygosity might persist even across 
speciesand higher taxonomic groups. Inaddi- 
tion to firming up the evidence that the two lea 


genes are indeed on allelic segments of sepa- 
rate chromosomes, it could therefore be most 
informative to study their population genetics. 
The persistence of both gene copies on sepa- 
rate chromosomes would constitute independ 
ent evidence for bdelloid asexuality and, as 
Pouchkina-Stantcheva et al. suggest, such sta- 
ble heterozygosity may have contributed to 
the fitness of bdelloid rotifers. 
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MATERIALS SCIENCE 


Biomimetic Solutions to 


Sticky Problems 


any biological surfaces 

have remarkable prop- 

erties, some of which 
have inspired materials science. 
For example, Velcro was devel- 
‘ped from the interlocking mech- 
anism of the seeds of burdock that 
readily attach to one’s clothes as 
cone walks through the country- 
side. Similarly, self-cleaning mat- 
crials have been developed based 
‘on the “Lotus effect” (the way in 
which water drops roll off the 
superhydrophobic leaves of lotus 
plants, taking dirt particles away 
with them). 

‘The adhesive mechanisms of climbing ani- 
‘mals have also guided materials scientists. An 
excellent example is provided by Majumder 
etal, (1) on page 258 of this issue. Inspired 
by the complex subsurface structure of the 
smoothadhesive pads of tre frogs and insects 
such as grasshoppers and ants they show that 
adhesive force can be increased by up toa fac= 
torof 30 by subsurface structures such as air- 
or fluid-filled pockets, 

‘Climbing animals have many abilities that 
are the envy of materials scientists. First they 
have remarkable powers of adhesion. Even a 
large gecko can run across a ceiling; a tree 
frog jumping from branch to branch does not 
fall so long as a single toe pad makes good 
contact with the tree; ants can carry more than 
100 times their own weight while walking 
upside-down, Second, the adhesive mecha- 
nisms are reversible (geckos can walk at more 
than 10 steps a second), and detachment is 
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OF lizards and robots. The spatula-tipped adhesive setae in an 
anotine lizard Anolis] (eft) inspived the structured adhesive used 
by Daltorioet al. (7 in the development of climbing rabots (right), 


effortless. Third, animal adhesive pads can 
have self-cleaning properties and thus do 
not get fouled. Finally, the adhesive pads of 
‘geckos only stick when required. 

How different these abilities are from the 
properties of parcel tape! Following contact 
and mild pressure, parcel tape 
will adhere quite well, but it does 
not detach easily and is seldom 
reusable, because its tacky nature 
means that it is quickly fouled by 
adhering material. It also has an 
uncanny knack of sticking to 
anything it comes into contact 
with, making the wrapping of 
presents a lot less pleasurable 
than it ought tobe. 

So how do climbing animals 
stick? In addition to claws, present in many 
species but not tree frogs, two rather different 
adhesive structures have evolved: hairy and 
smooth adhesive pads. The toe pads of 
geckos and other lizards are covered with 
millions of tiny branching hairs, which can 
¢get so close to the substrate that intermolecu- 
lar forces provide excellent adhesion (2). In 


Asi 


In a smart adhesive inspired by biological 
adhesive structures, subsurface structures 
dramatically increase adhesive strength. 


contrast, the smooth adhesive pads of tree 
frogs, arboreal silamanders, and insects such 
aasants secrete a fluid so that they adhere by 
‘wet adhesion (3, 4). In tree frogs at least, the 
main force appears to be capillarity, but vis- 
cosity and direct molecular contact may also 
play a role because of the thinness (0 to 35 
nm) of the intervening fluid layer (5), (The 
hairy pads of insects also carry tiny amounts 
of fluid; adhesion is thus also likely to be 
mainly by capillarity,) 

‘Such mechanisms have inspired materi 
als scientists in a number of ways (6). For 
example, both Daltorio et al. (7) and Santos 
and colleagues (8) have used microstruc- 
tured polymer adhesive feet based on the 
hairy pads of geckos (see the first figure) in 
the development of robots that can success~ 
fully climb a vertical glass sheet. Another 
particularly successful biomimetic struc- 
ture—reusable tape that adheres equally 


From toe pads to tires. Hexagonal toe pad epithetial cells sur- 
rounded by mucus-filled channels in the tree frog, Litoria (left). 


lar hexagonal tread pattern is used in a Continental 
winter tie (right). 


well in wet and dry conditions —combines 
the microstructure of gecko pads with a 
thin layer of synthetic polymer that mimics 
the protein glue of mussels (9). Also, car 
tires are in production with a honeycomb 
tread pattern that closely resembles the sur- 
face structure of tree frog toe pads (see the 
second figure). 
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Majumder ef al. started from 
the discovery that micropatterned 
structures resembling the toe pads 
of tree frogs and crickets can en- 
hance adhesion (see the third fig- 
ure), Normal adhesive tape detaches 
‘when cracks spread into the adhe- 
sive fromthe point of peeling. When 
all the energy is concentrated at a 
single crack, peeling occurs readily, 
but micropatterning can increase 
the force required to produce peel- 
ing by up toa factor of three. Cracks 
form wherever there is a groove 
in the pattern; when the energy is 
spread between many cracks—as is 
the case in a micropatterned tape— 
more force is required to produce 
separation (10, 11) 

The authors take this principle a step fur- 
ther. They have investigated the role of sub- 
surface structures such as ait- and oil-filled 
microchannels. The channels have similar 
crack-arresting properties as some of the 
patterned surfaces studied in (10, 11), 
but the effect is much more dramatic. 


The power of ridges. The 
adhesive surface of the 
smooth adhesive pad of the 
‘cricket Fettigonia contains 
a hexagonal pattern of 
‘grooves (top) (22). On an 
elastic film incised with 
2 related pattern (middle), 
cracks spread differently 
during peeling (bottom) 
than they would on an 
‘unpatterned surface (10), 


Depending on several 
factors—such as the 
thickness of the adhe- 
sive layer, the channel 
diameter, the interchan- 
nel spacing, and whether 
the channel is filled with air or oil—adhe- 
sion can be increased by up toa factor of 30. 
Under different conditions, the adhesive can 
act as a quick-release coating so that the 
tape, while sticking well, can be peeled off 
easily. The adhesive remains elastic and can 
thus be used again with no reduction in 
adhesive efficiency. 


Future smart adhesives like that reported 
‘by Majumder et al., designed to do particular 
tasks, are also likely to be inspired by the 
remarkable mechanisms developed by climb- 
ing animals over millions of years of evolu- 
tion. In this area of materials science, bi 
‘mimetics is certainly coming of age. 
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ATMOSPHERE 


Monsoon Mysteries 


Jagadish Shukla 


inal its glory and fury over the Indian 

subcontinent, is the largest seasonal 
abnormality of the global climate system: 
During the monsoon, the equatorial region is, 
colder than the regions to the north, The sum- 
‘mer monsoon rains that result are critical for 
food production, water supply, and the eco- 
nomic well-being ofthe Asian society. There is 
thus great interest in predicting the waxing and 
‘waning of the Asian monsoon. 

‘What are the prospects for predicting mon- 
soon rainfall over India and the surrounding 
regions? Why has the accuracy (or “skill”) of 
‘monsoon forecasts been so low? What are the 
projected impacts of global warming on the 
Asian summer monsoon? In July of this 
year, a conference at the Indian Institute of 
Sciences, in Bangalore, addressed some of 
these questions (/). 

A review of the current status of short- 
range (1 to 10 days) forecasting presented at 


Te summer monsoon, manifested 
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the conference shows that the weather predic= 
tion centers in the world have made steady 
progress in improving the skill of S-day fore- 
‘casts. But India somehow missed the revolu- 
tion in numerical weather prediction. Ac- 
cording to A. K. Bohra and S. C. Kar (/), 
there has been no improvement in the 
accuracy of the S-day forecasts over India for 
many years. 

Monsoon forecasting has a long history in 
India. After the subcontinent had experienced 
a devastating drought and famine in 1877, the 
British Government asked the recently estab- 
lished India Meteorological Department 
(IMD) to forecast monsoon rainfall. The earti- 
est methods of forecasting the summer mon- 
soon were based onthe snowfall in the preced- 
ing winter in the Himalayan region (2). Inthe 
early 20th century, Sir Gilbert Walker—an 
applied mathematician at the University of 
‘Cambridge who became director-general of 
observatories in India in 1904— identified 
‘empirical relationships between the monsoon 
rainfall and global circulation features in data 
from other British colonies around the world. 
He devised a forecasting methodology using a 


Today's climate models cannot adequately 
predict the mean intensity and the seasonal 
variations of the Asian summer monsoon, 


linear regression model with past data (3), 

Normand showed over 50 years ago that 
the forecasts made by Walker had no skill (4), 
(A forecast has no skill if it is no better than 
forecasting each year’ rainfall to be the same 
as the long-term average rainfall.) Yet, the 
IMD continues to forecast monsoon rainfall 
‘over India using the same basic methodology 
as Walker did. Verification of forecasts for 
seasonal mean rainfall over India for the 
recent 1990 to 2006 period also shows that 
there is no skill (5). The problem is that the 
IMD uses too many nonindependent predic- 
tors, giving artificial skill in explaining the 
ppast data and poor skill in actual forecasts (6). 

What determines the predictability of 
‘monsoon rainfall? More than 25 years ago, 
Charney and 1 proposed (7) that seasonal 
mean monsoon rainfall is influenced by the 
slowly varying boundary conditions of sea 
surface temperature (SST), soil wetness, and 
‘snow cover. Many global climate models have 
since been used to test the validity of this 
hypothesis, but none have been successful in 
making skillful predictions of Indian mon- 
soon rainfall. It remains an open question 
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‘whether the problem is with the hypothesis or 
the models. At present, the biggest stumbling, 
block in predicting monsoon rainfall appears 
to be the deficiency of models. In particular, 
the models fail to capture the detailed spatial 
structure of monsoon rainfall (see the figure). 
The lack of success in predicting Indian 
‘monsoon rainfall with climate models can be 
attributed to two major causes. First,the models, 
have large errors in simulating the seasonal 
‘mean rainfall. The year-to-year standard devia- 
n of Indian monsoon rainfall is 
less than 10% of the mean rainfall, 
yet the errors in simulating the 
‘mean rainfall are larger than these 
observed year-to-year changes. Itis 
therefore not surprising that mod- 
cannot predict the departures 
from the mean that are relevant for 
societal applications and policy. 
Second, the climate models cannot 
simulate monsoon rainfall varia- 
tions within seasons, and therefore 
perform very poorly in predicting 
fluctuations in the mean rainfall, 


35 
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cient in simulating the structure and life cycle 
of intraseasonal variations, the prospects of 
empirical prediction of intraseasonal varia 
tions look promising, because intraseasonal 
variations have a well-defined structure and 
tend to propagate from south to north. 
Nearly half of the world’s population is 
affected by the Asian monsoon. How reli- 
able are the projections of changes in mon- 
soon in a changing climate? What if the 
Asian monsoon rainfall, which has not 


INDIAN 
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face of such lange uncertainties? 

Climate models can now describe and pre- 
dict extratropical cyclones, but not the tropical 
cloud systems. To simulate the monsoon and 
its variability at intraseasonal, interannual, and 
<decadal time scales, the next generation of cli- 
‘mate models must be able to resolve the cloud 
systems with embedded deep convection, and 
to simulate mean rainfall and its variability in 
space and time, The stakes are high, involving 
food production and water availability for bil- 


006) 


There is considerable debate in. 1° OCEAN 
the research community whether » 
mean monsoon rainfall is indeed 5°" 
determined by the slowly varying 
SSTs. If so—and if we had better 
© 
models that capture crucial 
couplings between ocean, atmo- oe - 4 
sphere, and land processes (8)- 5s 
then we could make skillful pre~ 
dictions of monsoon rainfall. goes. ier | 
However, if the intraseasonal «0% S'E_—=«TOE:|OTSE:| BOE: SE COE:| SE «MOUE | MOSE | LNOTE: MISE QUE 
variations are fundamentally UN~ —yoaon rainfall variability. Observed summer une to Septembe) pre- | 


predictable, then seasonal mean 
rainfall is also not predictable (9). 

‘At the Bangalore conference, 
presentations by S. Gadgil and S. 
Nigam (/) reaffirmed that thereare 


<iptation Gin mmvday) from satelite data for 2003 to 2006. The large spa- 
tial variatity of monsoon rainfall ver and and ocean cannot yet be repro 
duced by models, and forecasts lack accuracy. Figure generated with the 
NOAA CPC Morphing Technique, see www.cpc.ncep.noaa.goviproducts/ 
_nowiak/cmoxph_ description html. 
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‘summer precipitation 
(ritimetrs per day) 


statistically significant relation- 
ships between SST changes over the Pacific 
and the Indian Ocean and monsoon rainfall 
averaged over India, and that the combined. 
effects of the SST anomalies over both of the 
‘ocean basins are most important for predic 
tions of summer monsoon rainfall over India. 
The prediction of the seasonal mean rain- 
fall averaged over all of India, although of 
‘great value to the national policy-makers, is 
of limited value to the farmers and water 
‘managers in any of the individual states. It is 
therefore important to develop methods of 
predicting fluctuations of rainfall within the 
Season over diferent region of inci, Seven 
papers at the conference showed real progress 
¥ in understanding the structure and the mech- 
§ nisms of intraseasonal variations. Although 
§ the currentclimate models remain quite defi- 
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changed by more than 10% in hundreds of 
years, decreases abruptly and substantially 
because of increased rainfall over warmer 
oceans due to global warming? These ques- 
tions affect the future of global societies, 
and yet there are no adequate climate mod- 
els to investigate them. None of the climate 
models assessed by the Intergovernmental 
Panel on Climate Change can simulate the 
observed monsoon rainfall and its interan- 
nual and decadal variability. If it is not pos- 
sible to simulate the mean monsoon rainfall 
and its variability nor to make skillful sea- 
sonal predictions with existing climate mod- 
els, one cannot expect the projections of 
regional climate changes to be reliable. 
What adaptation and mitigation strategies 
should monsoon countries adopt in the 
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lions of people. Every effort should be madeto 
produce reliable projections of monsoons and 
regional predictions of rainfall, 
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PLANT SCIENCE 


Standing on the Shoulders 


of GIGANTEA 


Vicente Rubio and Xing Wang Deng 


ecognizing seasonal change allows 

many plant species to select the most 

favorable time of the year to flower, 
thereby increasing the chances of their repro- 
ductive success. To recognize these transitions, 
aaplant measures variations in day length and. 
‘compares them with its circadian clock, an 
internal molecular oscillator that controls daily 
biological rhythms, such as leaf movements 
and the opening of stomata, pores inthe plant's 
leaves (/). However, the molecular mecha- 
nisms underlying this coordination are still 
largely missing, Now, Sawa ef al. on page 261 
of this issue (2) and a recent study by Kim eral 
(3) bring us a big step closer toward character 
izing such mechanisms by identifying two 
light-sensing molecular switches that directly 
control flowering and clock oscillation 

Molecular genetic studies performed in 
the plant Arabidopsis thaliana have shown 
that photoperiodic flowering and regulation of 
the circadian clock share common elements, 
including light receptors and proteins com- 
prising the circadian timekeeper (/). The light 
receptors include the phytochromes and cryp- 
tochromes, which control both clock resetting 
‘and flowering in response to different wave- 
lengths of light (4). Members of the ZTL- 
FKFI-LKP2 protein family (consisting of 
ZEITLUPE (ZTL), FLAVIN-BINDING, 
KELCH REPEAT, F-BOX | (FKF1), and 
LOV KELCH PROTEIN 2 (LKP2)] are also 
proposed to act as receptors that mediate light 
input to the clock (5-7) 

The ZTL-FKF1-LKP2 proteins contain a 
light, oxygen, or voltage (LOV) domain, 
‘which likely functions as a blue light-sensing 
‘motif, and an F-box domain (8). F-box-con- 
taining proteins are usually part of complexes 
that attach ubiquitin molecules to protein tar= 
gets to promote their destruction ina structure 
called the proteasome. The presence of LOV 
and F-box domains suggests roles for this pro- 
tein family in transducing ight into intracethu- 
lar signals through the degradation of key 
proteins. Indeed, FKFI and ZTL regulate 
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flowering time and circadian rhythms by con- 
trolling the protein stability of CYCLING OF 
DOF FACTOR | (CDF1), a transcriptional 
repressor of flowering, and the oscillator com- 
ponent TIMING OF CAB 1 (TOC1), respec- 


‘When to flower? (Upper panel) The plant circadian clock 
controls rhythmic expression of the Gi protein, whose interac- 
tion with ZTLis stabilized by blue light. ZTL-GI interaction 
controls accumulation of the clock component TOC2. thus 
allowing robust circadian oscillations in gene expression. 
(Lower panel) Bluelight also induces formation of an FKFI- 
Gl protein complex, which in turn targets CDF2, a transcrip- 
tional repressor of flonering, for degradation. CDF! protedt- 
ysis releases transcriptional repression of the CO gene, which 
allows CO protein expression and long day-dependent accu- 


‘mulation to promote flowering. 


Plants translate the sensation of light into the 
regulation of protein interactions that directly 
‘control their internal molecular clock mechanism 
‘and the time of flowering. 


tively (9, 10). Accordingly, mutations in the 
FKFI and ZTL genes delay flowering under 
favorable conditions (long days) and alter 
expression of genes controlled by the cirea- 
dian clock, Similar effects are caused by lack 
of GIGANTEA (Gl), a protein that 
controls clock oscillations and pho- 
toperiodic flowering, but whose pre~ 
cise biochemical activity in these 
processes has remained unknown), 

Similarities in the function and 
rhythmical expression of FKF'1 and Gl 
prompted Sawa er al to analyze possi 
ble regulatory relationships between 
these two proteins by looking for their 
physical interactions in plants, To do 
s0, they used Arabidopsis transgenic 
plants that expressed epitope-tagged 
versions of Gl and FI 
ing allowed them to use epitope-spe- 
cific antibodies to detect the tagged 
proteins in plant extracts, Th 


together, indicating that FI and GI 
associate in a complex in vivo. The 
interesting thing is that their interac 
tion occurred differentially throughout 
the day, peaking in the afternoon dur 
ing both long and short days, and 
diminishing at night. Moreover, they 
found that the FKF1-Gl interaction 
was induced by blue but not red light, 
sand that the LOV domain in FKF1 was 
responsible for blue light absorption, 
demonstrating that FKF 1 functions as 
blue light receptor. 

In accordance with light require- 
ment, FKF1-Gl association was dis- 
rupted in the dark and was very rapidly 
induced upon light exposure. The later 
response coincided with quick induc 
tion of the expression of CONSTANS 
(CO),agene encoding a positive regula- 
tor of flowering, whose transcription is 
impaired by the flowering repressor 
CDFI. An FKFI-GI-CDF1 complex 
‘was detected on the promoter region of | 
the CO gene, which suggests that the 
association of FKF1 and Gl causes 
CDF 1 to release its repression of CO 
expression, thus promoting flowering. 
‘These results unveil the molecular basis 
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‘of how photoperiodic flowering is controlled 
by the coincidence of light with circadian 
timing [the so-called external coincidence 
model (I). 

By analyzing the phenotype of plants with 
‘mutations in FAY and G1, Sawa et al. deter- 
‘mined that GI function in photoperiodic flow- 
ering does not completely depend on FKF1. 
Thus, GI may regulate the activity of other 
‘ZTL-FKFI-LKP2 family members or that of 
additional proteins controlling circadian clock 
functions. The demonstration of such a possi- 
bility comes from a complementary study by 
Kim et al, (3) describing the relationship 
between Gl and ZTL. Kim et al. show that Gl 
interacts with ZL in plants and that ZTL-Gt 
‘complex formation is, as in the case of FKF1, 
triggered by blue light. Interaction between Gl 


and ZTL cooperatively stabilized both pro- 
teins, thereby increasing their accumulation. 
This increase consequently amplified and 
sharpened the rhythmic expression profile of 
the clock protein TOCI, thus providing the 
clock oscillator with the robustness necessary 
to maintain proper circadian rhythms. 

Both Sawa ef al. and Kim et al. provide 
mechanistic views on how day-night cycles 
shape circadian clock oscillations and how 
light is integrated into the clock to precisely 
regulate expression of a gene (CO) that con- 
trols flowering. The studies raise many ques- 
jons: What factors control ZTL, FKF1, and 
Gi stability? What role(s) do other light recep- 
tors (phytochromes and cryptochromes) play 
in controlling light signaling to the clock? Are 
there more targets for the Gl-containing com- 
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plexes? These insights will help us to better 
understand why plants see changes in seasons 
by standing on the shoulders of GIGANTEA. 
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MATERIALS SCIENCE 


Crackling Wires 


James P. Sethna 


jake a paper clip, and pull one of the 

I ends sideways, If you pull gently and 
release, it will elastically rebound to 

its original shape like a spring. If you pull 
harder, it deforms permanently into a new 
shape,a process called yielding. On page 251 
of this issue, Csikor et al. (/) provide con- 
vincing theoretical evidence that, rather than 
a smooth process, yielding is like a phase 
transition that consists of a series of small 
avalanches, These avalanches not only pro- 
vide the microscopic underpinnings we need 
to build theories of how ordinary-sized 
objects bend, but Csikor er al. further argue 
thatthe avalanches become crucial problems 
for controlling bending on micrometer and 
nanometer scales (see the figure). 
Phase transitions are either abrupt or con- 

§ tinuous. For example, the melting transition 
8 (solid to liquid) and the boiling transition liq- 
uid to gas) are usually abrupt; water is water 
until at 0°C it tums to ice. Britle materials 
respond to extrmal stress in a similarly abrupt 
fashion; a piece of glass will bend elastically 
until abruptly it breaks in two, In contrast, 
magnets gradually reduce their magnetization 
as they are heated, with the magnetization 
‘snoothly going to zero at the critical tempera- 
ture, Superconductors, superfluds, and some 
liquid crystals also change phasesin acontinu- 
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‘ous fashion. Near continuous phase transitions 
there are dramatic fluctuations; the material 
doesn’t know which phase to choose, so it 
‘wanders in space and time among its options. 
In the past few decades, physicists found 
that the characteristic features of continuous 
thermodynamic (temperature-driven) phase 
transitions are also found at so-called depin- 
ning (force-driven) transitions—continuous 
transitions between a stuck (“pinned”) and 
moving phase as an external 
force is increased. Depinning 
has been studied in many sys- 
tems (2, 3): charge-density 
waves in electric fields, fluids 
invading porous media (mitk 
being poured into breakfast 
cereal) tearing of paper, super- 
conductors with large currents, 
and domain walls in magnets. 
Here the fluctuations near the 
transition take the form of ava- 
lanche-like motions, resulting 
in crackling noise (4). A good 
example is provided by the 
response of the Earth’s crust to 
the motion of the tectonic 
plates—earthquakes are ava- 
lanches driven by the forces 
across fault lines. If you speed 
up the seismic recordings of 
earthquakes from | year to 
occupy a single second, they 
sound like crackling noise (5). 


Wires bend through a series of tiny avalanches 
as defects move through the material. 


The characteristic power-law distribution of 
‘earthquakes, with many small ones and fow 
Tange ones, has analogs in all of these other 
depinning systems. 

What about paper clips? The yielding of 
crystalscanbe viewed asthe depinning of tan- 
gles of dislocation lines (flaws in the crys- 
talline lattice structure), But rather than con- 
centrating on deformation of materials, physi 
cists have focused on relatively obscure cases 


‘Miniature avalanches. Csikor etal. predict that bending a0.1-ym- 
wide aluminum wire will be an iregular, jerky process, dominated 
by a few large dislocation avalanches that span the width of the 
wire. The different images show the progression of bending. The 
color scale shons the local amount of deformation (blue is low, red 
is high). Note that the red regions are introduced one by one (indi- 
vidual avalanches). 
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like magnetic vortex motion in superconduc- 
tors and sliding of charge-density waves. Why 
is this? Surely the deformation of metals 
would rank just below earthquakes in the list 
of important depinning problems to study. 

First, deformation of crystals seemed com- 
plicated. Yielding in solids is microscopically 
‘more complicated than in these other systems; 
studying avalanches of dislocation lines (each 
with a Burgers vector indicating the direction 
and magnitude of the dislocation, a slip plane, 
and a long-range interaction with all of the 
others) is daunting both analytically and 
numerically. Second, deformation seemed dif- 
ferent from other phase transitions. The yield 
stress (the force per unit area at which the 
‘material begins to deform) depends on the 
deformation history. Roughly speaking, it 
grows to equal the previous peak stress, 
because the yielding leads to tighter disloca- 
tion tangles, resisting further deformation (a 
phenomenon called work hardening). In con- 
trast, the freezing point for water doesn’t rise 
as the water heats. We should have understood 
‘work hardening as an example of self-organ- 
ized criticality (6); the dislocations moved as 
far as they could under the previous stress, so 
they start moving again (the new yield stress) 
at the historical stress maximum, And finally, 
physicists were ignorant of the fluctuations. 
‘Textbooks treat the yielding of solids as a 
smooth process—oozing, not crackling. 

Recent experiments in ice and recent simu 
lations in two dimensions (7) show clear evi- 
dence for avalanches and crackling noise dur- 
ing yielding—completely analogous to that 
seen in earthquakes, magnets, and other depin- 
ning systems, and in complete contrast to text- 
book discussions. But why don’t we hear 
crackling noise every time we bend a paper 
clip? 1s yielding in three dimensions different 
from that in two? Are metals different in some 
crucial way from ice? (Indeed, ice has a differ- 
ent crystal structure and different allowed dis- 
locations than most structural metals.) 

Csikor ef al. address precisely these last 
questions, using a large-scale numerical simu- 
lation of the dislocation motion, designed to 
describe yielding in aluminum. Is aluminum 
different fiom ice? No, they find an excellent 
power-law distribution of avalanches: alu- 
‘minum crackles just like ice. Are there enor- 
‘mous crackles, which should be visible in any 
experiment? No, they find a cutoff in their 
avalanche size distribution, and provide a the- 
retical explanation for their cutoff. 

Why are there no large dislocation ava- 
lanches? The key observation of Csikor et al 
is that the avalanches are not three-dimen- 
sional objects. They find that the avalanches 
have a fractal dimension of roughly two (see 
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their figure 2); indeed, their avalanches are 
fractal versions of the pancake-like lamellar 
slip models long used by materials engineers. 
‘A two-dimensional slipped region of thick- 
ness 8 extending entirely across a sample of 
length Z can only relieve the strain in a frac- 
tion &/L of the sample. Their theoretical expla- 
nation for the cutoff (involving work harden- 
ing and the limitations of the measuring 
device) givesa thickness 8 that varies between 
one and a thousand atomic spacings. The 
largestavalanches ina centimeter-scale exper- 
imental sample (10° atomic spacings) will 
thus have strains of 10 parts ina million—cas- 
ily ignored in textbooks, 

‘On geological length and time scales, con- 
tinental drift is smooth; the fact that the 
‘motion of South America away from Africa is 
mediated by earthquakes may not be crucial 
for theories of plate tectonics, even though itis 
important to those living near fault lines. 


Similarly, dislocation avalanches cause jerky 
bending fluctuations that can be ignored on 
the scale of automobile fenders and beer cans. 
Butas we bend metals on the micrometer and 
nanometer scales (such as the wires attaching 
to computer chips), the irregular, jerky micro- 
scopic deformation will become a serious 
(and interesting) problem, 
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Printing Cells 


Paul Calvert 


Inkjet printing technology offers a way to create three-dimensional biological structures for 


studying cell interactions and artificial organs. 


‘aterials scientists and biotechnolo- 
Me are caper to build thee 
dimensional structures of cells held 
together in a tissue matrix. With such struc- 
tures, researchers could study how cells inter- 
act and perhaps fabricate implantable organs. 
Inkjet printing —essentially the same technol- 
ogy used in desktop printers—is a promising 
method because itis simple and versatile and 
avoids contact with the substrate. A number of 
groups have recently developed inkjet print- 
ing of various cell types, so this is a good time 
to consider what can be done and what 
remains to be resolved. 
There are two main types of inkjet printer. 
In thermal printers, a pulse of energy boils liq- 
uid at the surface of a small heater, and the 
expanding bubble drivesa drop of ink through 
the nozzle. In piezoelectric printers, an ap- 
plied voltage pulse causes a glass tube or a 
bending plate to cject the droplet from the 
nozzle. Inkjet printers for the low-cost con- 
sumer market can use either type of drive, 
whereas most high-end commercial printers 
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are piezoelectric, A number of researchers, 
including my colleagues and me, have simply. 
rebuilt consumer printers to replace the paper- 
feed system with a computer-driven platform 
to move the sample under the nozzle (/), 

‘As might be expected, bacteria and yeast 
can be readily printed, whereas animal cells 
vary in their ability to survive the process. In 
addition to selecting the right cell type, one 
can use a concentrated buffer solution to 
shrink the cells and so reduce the possibility 
of damage in the nozzle. Often a more com- 
plex growth medium may be necessary to pro- 
tect the cells during printing, in which case 
viscosity may be a limiting factor. Sterility is 
of course also amajor concern in cell viability. 
Consumer cartridges probably cannot be 
autoclaved and must be cleaned and washed 
with alcohol. In addition, the printing equip- 
‘ment must be sterilized and used in a laminar 
flow hood to avoid airborne contamination, 

Recently, for example, Chinese hamster 
ovary (CHO) cells and motor neuron cells 
have been printed from 3X concentrated 
phosphate buffer with a thermal printer (2). 
For the CHO cells, about 20% were damaged 
during “ink” preparation and a few percent 
during the printing step. In our work with 
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human stem cells, we found that viability 
dropped rapidly when the buffer concentra- 
tion increased from 1x to 3x. However, the 
cells were viable and printable in a medium 
that included glucose, glutamine, and pyru- 
vate. Human fibroblasts printed with a 
piezoelectrically driven glass tube printhead 
showed 95 to 98% viability, which went even 
higher at lower drive voltages. Cells did tend 
to agglomerate and print less well asthe “ink” 
aged over 20 min (3, 4). The bottom line, 
though, is that damage during printing is not a 
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Cells on demand. (Left) Three-dimensional tube structure made from bioprinted cells. This composite image shows an inner 
ayer of human umbitical endotheial cells (green) and an outer layer of human aortic smooth muscle cells (red). (Right) 
Printed and cultured yeast patterns after 3 days of culture. The patterns were printed at 75, 150, and 300 drops per second, 


{rom top to bottom, 


major issue, and cell printing could become 
routine as equipment is adapted and tech- 
niques are improved (see the figure). 

In many cases, cells are printed as.a stream 
of drops into the well of a tissue culture plat. 
The cells will thus be in a puddle of medium 
and so will survive until further medium is, 
added (3). In printing CHO cells, Xu et al. 
used a gel substrate with added tiquid medium 
to keep the surface wet (2). If this liquid layer 
is too thick, the cells will float and printing 
resolution will be lost. At present, there is no 
established method to print a single line of 
cells with any precision, but Nakamura er af 
have addressed this question of printing pat- 
tems of single drops, each containing one or 
‘two cells (5). With this method, they were able 
to write lines about 50 jum wide by printing 
cells suspended in sodium alginate onto a thin 
film of calcium chloride, which gels the algi- 
nate (6). Recent work has also shown that 
yeast cells modify a surrounding organic: 
inorganic hybrid matrix (7), implying that we 
must always consider changes in matrix struc- 
ture surrounding embedded cells. 

Cell printing is a toot still in development, 
and its final applications are not yet clear. As 
with the example of the polymerase chain 
reaction for copying and amplifying DNA, it 
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may well be that the ultimate use of the tool 
can really not be foreseen atthe development 
stage. Although there are other ways of 
depositing patterns of cells (8, 9), inkjet print- 
ing offers a convenient noncontact method. 
That is, one cycle of printing need not redi 
solve or redisperse that material from previ- 
ous cycles. Similar structures can be built by 
depositing cells and matrix through fine noz~ 
zles, but it can be very difficult to maintain 
the necessary precise height control of the 
nazzles above the surface (10). It is also pos 


sible to print patterns of materials that show 
preferential cell binding and then allow cells 
in suspension to migrate onto these patterns 


(1), bat this is less versatile. The core ques- 
tion for cell printingiis then “what can bedone 
with inkjet printing that cannot be done 
already?” There are two obvious directions: 
(i) the fabrication of structures to explore 
cell-to-cell communication and (ii) buil 
organs for implant. 

For cell interaction studies, one simple 
experimental approach is to build simple 
layered structures. Inkjet-printed polymers 
can be used to form coherent films about 
100 nm in thickness. Usually these are 
porous, but pore-free layers should be possi- 
ble. Layers of cells and biopolymer could be 
printed into multilayer sandwiches to study 
the effect of proximity of different cell types 
on tissue development or on the develop- 
ment of disease. 

Next, but more difficult, would be to accu- 
rately position cellsin patterns with controlled 
densities. This would let us study the effect of 
spacing between different cell types on tissue 
development over distances comparable to 
printed line widths of 100 um. Patterns of 
stem cells could also be used to explore the 
effects of cell distribution on matrix-mediated 
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differentiation, Such coupled patterns of cells 
could be the basis for new types of cell-based 
chemical sensors. 

‘The power of inkjet printing lies intheabil- 
ity to print patterns, to provide submicrometer 
depth resolution combined with lateral resolu- 
tion of tens of micrometers, and to deliver 
timed sequences of active substances to a 
developing structure. If we envisage the inkjet 
printhead moving over a layer of cells, we 
should be able to build complex three-dimen- 
sional tissues by printing the right precursors 
and enzymes in sequence, 
Given the right sources of the 
precursor proteins or compati- 
ble substitutes, we can build 
many passive structures such 
as bone, ligament, cartilage 
and cornea. 

To this is now added the 
ability to incorporate cells. A 
small cell population could 
undertake the rebuilding ofthe 
structural tissue after implan- 
tation. To build a functioning 
‘organ, one can envisage print- 
ing a geometrically correct 
matrix with a few cells that will 
grow to complete the structure 
orcorrectly distributed popula 
tions of cells that will then 
ate their own matrix. To do 
cither of these will require a more detailed 
understanding of the communication between 
cells and of the response of cells to their 
matrix (12, 13), 
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New Worlds on the Horizon: 
Earth-Sized Planets Close to Other Stars 


Eric Gaidos,*** Nader Haghighipour,”* Eric Agol,* David Latham,* 
Sean Raymond,2 John Rayner? 


‘The search for habitable planets like Earth around other stars fulfills an ancient imperative to 
understand our origins and place in the cosmos. The past decade has seen the discovery of 
hundreds of planets, but nearly all are gas giants like Jupiter and Saturn. Recent advances in 
instrumentation and new missions are extending searches to planets the size of Earth but closer 
to their host stars. There are several possible ways such planets could form, and future 
‘observations will soon test those theories. Many of these planets we discover may be quite unlike 
Earth in their surface temperature and composition, but their study will nonetheless inform us 
about the process of planet formation and the frequency of Earth-like planets around other stars. 


210 


he ancients looked at the night sky and 
I wondered what the lights wandering 
among the fixed stars were, After the 
Copemican revolution, humanity asked whether 
any of them—the planets of the solar system. 
are worlds like ours and support lite, The search 
for habitable worlds now extends to the other 
stars, around which more than 200 planets have 
been discovered. Until recently, all discoveries 
ere of planets far more massive than Earth, that 
is, like Jupiter of Satum. This is because most of 
them were discovered by Doppler velocimetry 
4 technique that measures the motion of the star 
around the system’s center of mass by detecting 
the alternating Doppler shift of starlight toward 
red of blue wavelengths (Fig. 1). The shift is 
proportional fo a planet's mass, and thus mons- 
massive planets are easier to detect. The orbits 
‘ofa few such planets are observed edge-on, and 
the planets periodically pass in tront of (transit) 
their host star (Pig. 1). The masses of planets 
‘on such orbits are known unambiguously, and 
their diameters and mean densities can be cal- 
culated from the small (~1%) fraction of star- 
light that is occulted as well as knowledge of 
their stars’ diameters. These planets tum out to 
have densities similar to those of the gas giants 
in our solar system and are presumed to be 
made mostly of hydrogen and helium gas. 
Such objects fascinate astronomers, but our 
{quest to find Earth-like planets with solid. sur- 
faces and conditions suitable for life continues. 
One condition is the presence of liquid water, 
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and orbits on which a planet's surface temper- 
ature permits stable liquid water describe a cir- 
cumstellar “habitable zone” (1). The detection 
of a planet like Earth in the habitable zone of 
even the nearest Sun-like stars is an enormous 
challenge because its Doppler signature is only 
0.3% of a Jupiter-mass planet, it can occult only 
0.01% of the star, and its distant orbit means 
the likelihood of a transit is less than 1 in 200. 
But the discovery of planets not too unlike the 
Earth may not be far off: Doppler velocimetry 
with more stable instruments has recently dis- 
covered several objects much less massive than 
Satum and as small as five times langer than 
Earth (2-4); one of these has now been ob- 
served to transit its star (5). Like many of the 
giant planets detected by this method, they 
are much closer to their host stars than Earth 
is to the Sun (1 astronomical unit or AU), and 
so the Doppler shift they induce is langer and 
‘more detestable, New instruments, on the ground 
and in space, will discover sill smaller planets. 


These worlds will also be on close orbits, many 
will be much hotter than the Earth, and some 
may have very different compositions. All will 
help us understand how planets form and the pro- 
pensity for that process to yield planets like Earth. 


Recipes for Earths 
Mercury orbits only 0.38 AU from the Sun, but 
Earth-mass planets could exist on even closer 
‘orbits around other stars. The theory of in situ 
formation begins with a disk of gas and km- 
sized bodies (planetesimals); the latter acerete 
into ~100 Moon- to Mars-sized protoplanets in 
about 1 million years; these in tum collide and 
coalesce to form planets in 10 to 100 million 
years (6). Planets are unlikely to form very close 
to their host stars because accretion will occur 
‘over a narrow range of orbits and will include 
litle material, Disks that contain much more 
‘mass than the one that formed the solar system 
could form close-in planets, but observations of 
young stars showed massive disks to be rela 
tively uncommon (7), Numerical simulations of 
planet formation in such disks produced sev- 
eral closely spaced planets (8), 

Altematively, Earth-sized planets form further 
(ut in the disk and spiral inward toward the star 
as they exchange ntumn with are 
sidual disk of gas and planctesimals, Orbital 
migration is on tion for the origin of 
close-in or “hot” giant planets, and Earth-sized 
planets have been predicted to migrate inward 
inthe space of abouta million years (9), Migration 
can be halted at the disk's inner edge (10) oF 
where there is a change in the disk’s ability to 
dissipate heat by radiation (//), Several plan- 
ets migrating together can become trapped in 
‘mean-motion” resonances, at which their orbital 
periods are integer ratios (/2, /3). The system 
will stop evolving when inwand-lirected torques 
acting on the outer planets balance the outward- 
directed torques on the innermost planets (/4). 


Fig. 1. A schematic view illustrating how an Earth-sized planet orbiting close to its host star can be 
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discovered and studied. The planet orbits inside the orbit of a giant planet. Nothing isto scale, and 
both planets are shown at multiple positions in their orbits. The presence of the unseen planets can 
be inferred from the periodic Doppler shift of starlight (represented by the blue and red dashed 
circles) as the star moves toward and away from the observer on different parts ofits orbit around 
the system’s center of mass. The Earth-sized planet transits the star and occults a small fraction of 
the light, allowing the planet's diameter to be estimated. At the opposite phase, the planet will be 
eclipsed by the star, and its infrared flux can be measured by comparing the total flux outside of 
and during eclipse. The inner planet perturbs the outer giant planet on its orbit (dashed lines), 
causing times of transit of the Latter to deviate from simple periodicity by a measurable amount. 
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Earth-sized planets might also form from plan- 
cetesimals shepherded interior to an inwardly mi- 
‘gnuting giant planet (Fig. 2). The giant planet 
pperturbs an interior protoplanet into an elliptical 
orbit; circularization of that orbit by gas drag and 
‘gravitational scattering of smaller planctesimals 
leaves the planet on a slightly smaller orbit, and 
the process repeats as the giant planet moves fur- 
ther inward (/5). Planets grow rapidly in the 
dense annulus of shepherded planetesimals inte- 
rior to the giant's orbit (/6-19). In numerical sim- 
ulations, about half of the growing planets were 
scallered onto exterior orbits by a close encounter 
with the giant planet, depending on the mass of 
the giant planet and its rate of migration (Fig, 2). 
Planetesimals can also be shepherded interior to 
the locations of “secular” resonances, where of- 
bits in the gravitational field of a primordial gas 
disk precess (wobble) ata resonant frequency of 
the planetary system. Eventual dispersal of the 
‘gas causes the inward “sweeping” of these reso- 
nnances, stimulating the growth of planets (20). 
However, his mechanism ceases to be effective 
‘close to the star, where general relativistic effects 
dominate orbital precession, 

Each of these models makes testable, although 
‘not necessarily unique, predictions, The in situ 
formation mode! predicts that close-in Earths ane 
not isolated; if there is sufficient mass to form 
‘one, then several should form, They will be pref= 


crentally found around stars with a relatively high 
abundance of the heavy elements that make up 
such planets: itis already known that such stars 
‘are more to likely host giant planets. The migration 
model also predicts that multiple planets will be 
found in a series of near-resonant orbits, although 
isolated planets could exist if migration halts, The 
gs giant shepherding model predicts that Earth- 
sized planets willbe found near the interior mean- 
‘motion resonances of close-in gas giants (Fig. 2) 
(On the other hand, the disk dispersal model pre- 
dicts that planets will be well removed from such 
resonances. For example, Zhou et al. (16) in- 
voked a combination of gas giant shepherding 
and disk dispersal to explain the close-in, ~7.5 
Earth-masses planet orbiting star GJ 876, which 
also hosts two more-distant giant planets. In their 
model, the two gas giants co-miigrated inward to 
their final orbits, shepherding planctesimals near 
‘mean-motion resonances along the way. As the 
gas disk disappeared, secular resonances moved 
the material further inward, causing a planet 10 
grow. Another example is the Gliese $81 system, 
which contains three close-in planets with masses 
between 5 and 15 times that of Earth () but as 
yet no discovered giants. These planets either 
Tormed in situ from a very massive disk or mi- 
grated inward to their present positions. 

These simulations highlight the possibility 
that Earth-sized planets exist close to many stars 


Fig. 2. Numerical simulation of the formation of close-in Earth-sized planets via inward shepherding of 
‘material by a migrating giant planet (Large black circle). The four panels are snapshots in time of the 
‘orbital eccentricity (deviation from circularity) versus semimajor axis (orbit se) of each surviving body 
‘during the migration of a Jupiter-mass planet from 5.2 to 0.25 AU in 10° years (18, 29). The size of each 
body is proportional to the cube root ofits mass but is not to scale wth the giant planet or the x axis. The 
color of each body corresponds to its water content as shown on the color bar. The dark inner region of 
‘each body shows the approximate size of the planet's iron core [for details, see Raymond etal. (8). The 
2:1, 3:1, and 3:2 mean-mation resonances with the giant planet are labeled; the 2:1. mear-mation 
‘esonanceis responsible for the bulk ofthe inward shepherding, and simulations often produce an Earth- 


sized planet near that resonance. 
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Nevertheless, confidence in such predictions 
must be tempered by the facts that none of the 
‘models includes the physics of collisions between 
planetesimals (which may result in disruption 
rather than accretion) and that current computing 
power can simulate the dynamics of only a meager 
number of planetesimals (no more than 10°) 
‘compared with reality (10°), Furthermore, close 
in planets may undergo further orbital evolution 
because of tides raised on both the host star and 
planet or the gravitational influence of two or 
‘more giant planets. Utimately, such predictions 
rust be tested by observations, 


Doppler Detection of Earths 

‘Confronting theoretical expectations with obser 
vations, however, will require extraordinary feats 
‘of observation. For Doppler detection, a velocity 
precision better than 1 ny, less than the average 
walking speed of a human, can now be achieved 
bby comparing the position of thousands of fea- 
tures in the spectrum of a star with a fiducial 
spectrum of an absorbing. gas cell, lamp, or 
laser. Sensitivity is now limited by the noise o 
“inter” produced by turbulence, spots, and acoustic 
‘oscillations in stellar atmospheres. Better sensi- 
tivity may eventually be achieved by understand- 
ing the precise characteristics of such noise or 
averaging over many orbits. Meanwhile, meter 
pper-second accuracy is not sufficient 10 find a 
“twin to the Earth-Sun system, but it is enough 
0 detect somewhat more massive planets on 
closer orbits. Eanth-mass planets could be de- 
tected around the lowestamass (M dwarf) stars, 
‘whose motion will be more affected by an un 
seen companion, M dwarfs are numerous, and 
planets have already been found around the most 
massive representatives of this type. However, 
the relative propensity of less-muassive M dwarf 
stars to host planets (of any type) is not yet 
known. If the mass of the planet-forming, disk 
scales with that of the star, fewer planets and/or 
smaller planets might be found, 

‘The atmospheres of M dwarf stars do not ap- 
Pear to be especially “jittery” compared 10 those 
of higher mass stars (2/). However, M dwarfsare 
‘cooler and much less luminous; their flux peaks 
‘at near-infrared (1 o 3 um) wavelengths, and the 
‘coolest ones are very difficult targets for visible 
wavelength spectrographs on current telescopes. 
‘One solution is to build a much larger telescope 
than the current recond-holders, the 10-m Keck 
telescopes on Mauna Kea, An economical alter- 
native is to carry out high-precision spectroscopy 
‘at ncar-inffared wavelengths. Doppler velocity 
‘precision is proportional to the number of fea- 
‘ures in a stellar spectrum and the square root of 
the number of detected photons. Although the 
former is higher at visible wavelengths, for stars 
less massive than about 30% of the Sun this is 
‘outweighed by the higher number of detectable 
‘photons in the near inffared, Furthermore, star 
spot contrast in the near infrared is reduced by a 
factor of two compared with the visible, and its 
contribution to Doppler noise may be less. One 
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potential problem of near-infrared spectroscopy 
is contamination by numerous terrestrial atmo- 
spheric absorption lines compared with the op- 
tical. The depth and central wavelength of these 
lines varies with the water vapor content and 
hhigh-altimde wind pattem of the atmosphere. 
However, simulations suggest that this problem 
ean be reduced by masking out the deepest 
such lines, stl leaving sufficient wavelength cov- 
‘erage to achieve the required Doppler precision. 
Several projects t develop precision near- 
infrared spectrographs are under way. These 
include the precision radial velocity spectrograph 
(PRVS) for one of the two Gemini 8-m tele- 
‘scopes, a collaboration between the Astronomy 
‘Technology Centre in the United Kingdom, the 
University of Hentfordshire, the University of 
Hawaii, and Pennsylvania State University; a 
PRVS pathfinder at Penn State; and TripleSpee- 
Extemally Dispersed Interferometer for the 
Palomar S-m telescope, a collaboration between 
‘Comell University and the University of Califor- 
nia, Berkeley. A PRVS-like instrument on 
Gemini could survey 300 M dwarfs over the 
‘course of 5 years for close-in Earth-sized planets, 
4 sufficiently large sample to test theories of 
their origin, 
Detecting Earths with Transits 
In the small fraction of systems whose orbits 
happen to appear edge-on, planets can be 


Stellar mass (solar) 


04 
001 


detected as they transit the disk of the host 
star. Planets on closer orbits are statistically 
more likely to transit and will transit more 
frequently. A giant planet like Jupiter occults 
~1% of the disk of a Sun-like star, an effect 
that can be detected by ground-based 
instruments, It is not known which stars have 
planets with favorable orbital geometries, and 
‘a large number must be monitored, but 
searches for giant planet transits are beginning 
to pay off (22). However, an Earth-sized 
planet occults only 0.01% of the starlight, 
and this level of precision is not possible with 
felescopes on the ground because of scintilla- 
tion by the atmosphere (“twinkling”). Another 
approach is to search for transits of the 
smallest M dwarfs for which an Earth-sized 
planet would occult a detectable fraction (0.1 
to 1%) of the stellar disk. However, such stars 
are extremely faint, and only the nearest are 
suitable targets. These will be widely distrib- 
‘wed over the sky, and monitoring them with 
the appropriate cadence will require robotic 
telescopes. A prototype of one such observa- 
tory, Panoramic Survey Telescope and Rapid 
Response System (Pan-STARRS), has already 
seen “first light” from the summit of Halea- 
aula in Hawai'i 

‘An alternative method for finding smaller 
planets exists in systems with a transiting giant 
planet. The existence and position of Neptune 


01 


‘Semimajor axis (AU) 


Fig. 3. Potential for different techniques, instruments, and missions to detect Earth-sized planets on 
close-in orbits around stars of different masses. The inner solar system and all reported extrasolar planets 
With minimum masses less than 15 times that of the Earth are shown as black circles. The diameter of each 
circle is proportional to the cube root ofthe (minimum) mass. The green zone is the habitable zone in 
which liquid water is stable on an Earth-like planet (1). The upper-right boundary for Doppler velocity 
detection corresponds to the orbits of five Earth-mass planets that produce a maximum Doppler sift of 
‘L mis, and upper left-hand boundary corresponds to obits with a 1-day period. CoRoT and Kepler can 
detect only those planets that transit their host star. Also, the actual boundaries are not as distinct as 
presented here, and the applicability of each method may in fact extend beyond the zones depicted. 


‘was comectly infeed fiom observations of the 
departure of Uranus from its predicted orbit. 
Likewise, an otherwise invisible planet can be 
detected by its gravitational effect on the orbit of 
‘a second planet that transits the host star. Those 
perturbations will cause the transi times to devi 
‘ate from simple periodicity. When the two plan- 
‘ets are in or near a mean-motion resonance, their 
‘mutual gravitational perturbations are amplified, 
‘and the deviations are larger. The variation of the 
times of transit is proportional to the ratio of the 
planets’ masses, and for an Earth-mass planet af- 
fecting a transiting Jupiter-mass planet the signal 
‘can beas large as afew minutes over a period of a 
few months to years. The transits of giant planets 
‘can be timed to a precision of a few tens of sec- 
‘onds with ground-based telescopes, and Earth- 
‘mass or smaller planets are detectable (23, 24). 
‘The shepherding theory of formation predicts ob- 
{ects near resonant orbits interior to close-in giant 
planets (Fig, 2), and the transit timing technique 
‘has already been used to rule out the existence of 
Eart-sized planets in one system (25), One un- 
pleasant possibility is that those planets nearest 
{to mean-motion resonances, and therefore the 
‘most dotectable, will also have the most unstable 
orbits. 

The most dirvet approach to find transitin 
Eanth-sized planets is to observe from spa 
CoRoT (Convection, Rotation, and Planetary 
Transits), a joint mission of the Centre National 
‘d'Etudes Spatiales and the European Space Agency 
(ESA), was launched last December and shoul 
‘be capable of finding transiting planets as small 
asa few Earth masses on close orbits around any 
‘of ~120,000 stars (26), NASA's Kepler mission, 
scheduled for launch in early 2009, will push the 
Jimit to planets the size ofthe Earth around about 
100,000 stars (27) (Fig. 3). Both CoRoT and 
Kepler will perform more-precise transit timing 
‘of giant planets and thus make more-sensitive 
searches of Earth-like planets on resonant orbits 
within these systems. Radial velocity measure- 
ments of stars with transiting planets can then 
‘orbits, masses, and mean densities. 


Habitability 

‘Our prospects for finding Earth-sized planets 
‘lose to their host stars and even leaming some- 
‘thing about them seem promising. But will any 
fof such planets have surfice conditions that 
‘could support life as we understand it? Close-in 
planets around low-luminasity M dwarfs can oF- 
bit within the habitable zone (Fig. 3). However, 
‘charged particles in flares fom the nearby host 
star oF impacts at the high velocities of these 
‘orbits may remove such planets’ atmospheres, 
rendering their surfaces inhospitable (28). Com- 
position and mass are also important, and not all 
planets are created equal in this regard (29). For 
‘example, Venus was originally in the habitable 
one of a fainter early Sun, but we do not know 
whether it ever had water. On the other hand, 
Mars is now just inside the habitable zone of the 
‘Sun, but it licks a substantial greenhouse atmo- 
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sphere because itis too small to have prevented 
its atmosphere from escaping or to maintain the 
‘oleanic activity to replenish it. 

‘Theory provides some guidance for our ex- 
peetations: Planets that formed close to ther host 
stars are less likely to have water because the 
primordial disks of gas and dust are thought to 
‘have hotand dry inner regions. Water is also more 
likely to be lost because the speed of impacts 
during accretion is higher (30), and the high or- 
bital angular momentum of any water-rich plane- 
tesimals from further out in the system would 
prevent them from reaching the planet (31). 

Conversely, planets that formed in the outer, 
\water-rich regions of a disk and migrated inward 
are more likely to have abundant water (13, 19). 
{na system witha chemical composition ke that 
‘of our solar system, such planets could be 
composed of as much as 20 to 50% ice. These 
‘would be “ocean worlds,” with ~100-km-deep 
‘oceans overlying thicker mantles of high- 

pressure phases of water ice (32, 33), However, 
{ie plmots mufice erportur is ubove fe 
critical point of water (374°C), there will be no 
liquid phase; this structure has been suggested 
for the Neptune-mass planet Gliese 436b (5). 

Planet-forming disks around other stars may 
also have different chemistries, spawning a greater 
diversity of planets than is represented in our solar 
system, For example, the initial ratio of earbon to 
‘oxygen can vary between planct-forming disks and 
‘with it the amount of water that can be incorpo 
‘ated into planets (34), In the extreme case of a 
ccarbon-rich disk, water is completely absent, snd 
silicate minerals are replaced by silicon carbides 
such as carborundum, Such a disk would produce 
“carbide worlds” covered with oceans and atmo- 
spheres of hydrocarbons and more closely resem- 
ble the satellite Titan than Earth. Other planets 
‘may have had their rocky mantles removed by 
‘high-speed collisions during their formation and, 
like Mercury, be composed mostly of iron. 

By combining space-based transit detection 
‘with ground-based Doppler velocimetry to cal- 
culate mean densities, it should be possible to 
distinguish between worlds composed mostly of 
rock, water iee, of iron (35-38). Spectra of star- 
light during and outside transit can be compared 
to search for absorption by gases in any planetary 
atmosphere (Fig. 1) The planet’s emission at in- 
frared wavelengths can also be recovered by mea- 
suring the change in flux as the planet moves 
behind the star (Fig. 1). Both of these techniques 
hhave been successfully used with transiting 
‘giant planets. The James Webb Space Telescope 
(QWST), an infrared space telescope scheduled to 
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be launched in 2013, should be capable of de- 
tecting the emission from a “hot” Earth-sized 
planet clase to a Sun-like star. The total emission 
is related to the amount of statight absorbed by 
the planet, which, because the planet's diameter 
is known, can be related to the average reflec- 
tivity of the planet. That quantity contains in- 
formation about the scattering properties of the 
atmosphere and the presence or absence of clouds. 
“Much more could be discovered about planets in 
‘or interior to the habitable zone of M dwarfs. In 
such cases, the day-night temperature difference 
‘on the planet can be measured, indicating the 
presence or absence of an atmosphere 10 redis- 
tribute heat, and it may be possible to extract a 
low-resolution spectrum and search for absomp- 
tion by gases such as carbon dioxide, water vapor, 
and methane in any such atmosphere. 

NASA's proposed Space Interferometer Mis- 
sion (SIM), designed to detect the minute 
‘motions of stars on the plane of the sky, might 
also be pressed into service to search for Earth- 
sized planets (39) (Fig. 3). In the more distant 
future, the ambitious Terrestrial Planet Finder 
(NASA) and Darwin (ESA) space observatories 
‘would spatially separate light from planets from 
that of their host stars, allowing direct spectros- 
‘copy of Earth-sized planets. Because of the great 
technical and fiscal challenges to that approach, 
altematives need to be considered. Some inves- 
tigators angue that the temporal techniques 
successfully used to isolate signal from transiting 
28s giants should be pursued for smaller planets, 
with use of ground-based campaigns to find 
Earth-sized planets in the habitable zane of M 
dwarfs and new observatories, beginning with 
JWST, to observe them (40). But do Earth-sized 
planets exist close to low-mass stars, and are 
any of them Earth-like and possibly habitable? 
Astronomers are beginning to look, and answers 
‘may soon be on the horizon. 
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INTRODUCTION 


Grand Tour 


TRAVELING OUT TO THE FARTHEST REACHES OF THE SOLAR SYSTEM, TO PLUTO AND 
the Kuiper belt where it will arrive in 2015, the New Horizons probe has to 
endure a long and mostly uneventful journey. But luckily there are some spec 
tacular sights along the way. On 28 February 2007, New Horizons flew past 
Jupiter, where it used the gas giant's gravity to slingshot it to even greater speeds 
and also test its instruments in flight. New Horizons’ transit took it to unvisited 
areas of the planet's spacescape, The papers in this special issue record how the 
probe witnessed lightning and aurorae in Jupiter's atmosphere, volcanic erup 
tions on the moon Io, and the pulsing of Jupiter's magnetosphere, a cocoon of 


charged particles that swathes the entire system. 

On Earth, although seen planetwide, the most powerful thunderstorms concen- 
¢ near the equator and in the tropics. Not so on Jupiter. Lightning flashed near 
both poles as well as elsewhere, suggesting that convective electrical storms bub- 
ble up everywhere in Jupiter's atmosphere because of global heat imbalances. 
Nighttime auroral glows, on the other hand, were not as widespread as expected. 

Skirting the et, New Horizons also flew by Jupiter's 
attendant moons, big and small. Surprisingly, no moonlets smaller than a kilo- 
‘meter in size were seen in Jupiter's faint rings, a puzzle if they are built from the 
debris of shattered moons, Rubble also clumps together in locations favored by 
gravity resonances with larger moons. 

An eruption of the Tvashtar volcano on the satellite lo was caught in the ac 
allowing the mechanics of the sulfurous plume and the lava temperature to be 
‘measured. Pollution from o's volcanoes has even reached the shores of Europa, 
aan icy moon that may harbor oceans beneath its frozen surface. lo's volcanic 
cemissions feed extra sulfur and oxygen ions into a vast particle cloud that circles 
the entire Jupiter system, held in place by the planet's strong magnetic field. 
Behind the planet, it is pulled into a magnetic shadow billions of kilometers 
long, streaming away from the Sun as the solar wind deflects around Jupiter. 
ike a giant pipe, this magnetic tail drains half a metric ton of charged 
particles out of the jovian system each second, New Horizons’ route took it 
down the magnetotail, to regions unexplored by earlier Galileo or Voy: 
sions (see the Perspective on p. 216). Pulses of energetic particles flow along the 
tail in synchrony with Jupiter's 10-hour rotation rate and also every few days as 
plasma blobs are fed down the tube. 

With Phuto still in its sights, New Horizons’ snapshots show that Jupiter inhab- 
its an active landscape, experiencing storms, the pumping of the magnetosphere. 
and volcanic ash falls. A pity then that it is the last time we will visit Jupiter until 
the Juno mission in 2016. So sit back, enjoy these views, and think of New Hori- 
along the solar system's back roads to an even stranger destination. 

~ JOANNE BAKER 
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New Horizons at Jupiter 


PERSPECTIVE 


New Surprises in the Largest 
Magnetosphere of Our Solar System 


Norbert Krupp 


En route to is ultimate rendezvous with Pluto, the New Horizons spacecraft passed through the 
‘magnetic and plasma environment of Jupiter in February 2007. Onboard instruments collected high- 
‘resolution images, spectroscopic data, and information about charged particles. The resus have 


‘revealed unusual structure and va 


in Jupiter's plasma and large plasmoids that travel down the 


magnetotail, Data on Jupiter's aurora provide details of the interaction with the solar wind, and a major 
volcanic eruption from the moon lo was observed during the encounter. 


planet with a magnetic field deflects the 
solar wind (a stream of ionized particles 
continuously leaving the Sun), forming a 
cavity that protects the planet against this harsh 
environment by excluding particle radiation. This 
‘outermost region where the intemal magnetic 
field of a planct dominates is called the mag- 
netosphere, Besides Earth and Mercury, each 
of the four gas giants Jupiter, Saturn, Uranus, 
and Neptune) have magnetospheres. The only 
moon known to have its own magnetosphere is 
Ganymede, one of the four so called Galilean 
moons of Jupiter. Although the magnetosphere of 
‘aplanet is compressed on the side facing the sun, 
it is enormously stretched on the opposite side 
(Fig. 1), forming a region called the magnetotal. 
Jupiter's magnetosphere i the langest in our solar 
system (with a diameter ~200 times that of 
Jupiter itself), and its magnetotail is at least 
10,000 jovian radii Ry (1 Ry = 71,400 km), 

This immense magnetospheric system has 
‘now given up some of its secrets. The previously 
‘unexplored deep magnetotsil of Jupiter was tra- 
‘versed for the first time by the New Horizons 
‘spacecraft in February 2007 on its way toward 
Pluto, Before that encounter, Jupiter had been 
Visited by seven other spacecraft, including the 
first jovian orbiter mission, Galileo, and six flyby 
missions (Pioneer 10 and 11, Voyager I and 2, 
Ulysses, and Cassini). The trajectories of each of 
the previous missions covered only regions ofthe 
‘magnetosphere near the planet, or the spacecraft 
departed the magnetosphere along the dawn, 
dusk, oF noon flanks. These previous measure- 
‘ments, especially in the magnetotal, penetrated 
only about 150 Ry. 

Data from all of the previous missions have 
shown that Jupiter's moon lo is the most im 
portant player in the configuration and dynamics 
of the jovian magnetosphere. fo is the most vol- 
ccanically active body in our solar system, and its 


MaxPandcinsitt fir Semensystemforschung, Max-Ranck- 
‘Salle 2, 37291 Yatlenburg-indau, Germany. 

“To whom correspondence should be addressed. E-mail: 
ssupp@mpxmpgde 


12 OCTOBER 2007 VOL 318 SCIENCE 


vvoleanoes produce about I metric ton of SO: per 
second . This huge amount of material is partly 
being ionized and partly being transported into 
the magnetosphere of Jupiter. As a result, the 
‘magnetic field lines are loaded with heavy ions (S 
and ) and are even further stretched, forming a 
so-called plasma disk around Jupiter's equatorial 
plane. This “pancake” is filled with charged 
particles and wobbles during each rotation of the 
planet. As the mass loading and the stretching of 
the field lines reach a limit, the plasma is released 
into the magnetotal in the form of a magnetic 
bubble called a plasmoid. The mass released in 
plasmoids is a lange part of the mass of the entire 
system. Analysis of the data from the particles 
and field instruments onboard the spacecraft can 
be used as a tool to observe plasmoid structures 
in magnetospheres. 

New Horizons, with its unique trajectory 
through the jovian magnetotal, yielded a series 
of surprises. McComas et al. (1) report low- 
energy ion measurements at distances between 
200 and 2500 Ry. They point out that the obser- 
Vations show a tremendous amount of structure, 


including sharp discontinuities and variations of 
several days. The surprise is that, even at those 
distances, the plasma has imprinted the rapid 
rotation of the jovian system, which is “visible” 
in a 10-hour modulation of particle parameters. 
Another key result is the identification of large- 
scale plasmoids filled with O and S ions from the 
moon 1o and H3" and H” from the jovian iono- 
sphere. The surprise here is that the plasmoids 
‘seem to reoccur every 3 10 4 days, even at those 
distances. This observation confirms the earlier 
Galileo observations at ~100 R, and can help to 
address the remaining question of mass-loading 
‘ates and mass release down the tail 

‘The results of MeNutt ef a. (2) also address 
the plasmoid observations in terms of velocity 
dispersions, directional anisotropies, and ion- 
‘composition variations. It seems plausible that 
the observed reconnection events (collisions be- 
tween magnetic field Lines that are Followed by a 
plasmoid release) seen in Galileo data at 100 Ry 
‘expanded and survived down the tail and were 
‘observed by the New Horizons instrumentation, 
Evidence for that scenario is the S:0 ratio, which 
is only comparable inside the events in the 
Galileo data and inside the plasmoids in the 
New Horizons data 

‘The investigation of auroral emissions (Fig. 
2) is also a useful tool to “see” the dynamics of 
the invisible magnetosphere and to understand 
the influence of the solar wind at Jupiter. Glad~ 
stone etal. (3) discuss the jovian aurora measure~ 
‘ments in the ultraviolet wavelength range during 
the New Horizons flyby. They also found sur- 
prises in their data implying a major change in 
the night-glow emissions since the Voyager era, 
as well as an unusual local-time dependence of 
Precipitating-clectron Muxes that is consistent 
\ith a possible source region in the dusk side of 
the magnetosphere, Those results can be used to 
‘gain a better understanding of the influence of 


Magnetosheath 


Fig. 1. Schematic diagram of Jupiter's plasma environment and the trajectory of the New Horizons 
spacecraft. The solar wind hits the magnetic field of Jupiter (red dot) to create a bow shock and flows 
‘around the planet in a magnetosheath and an extended magnetotal. Plasma from the moon lo (orbit 
shown as purple arrows) and from other sources is ejected down the magnetotail. The magnetic 
boundary between the planet's magnetic field and the solar wind is called the magnetopause. [Adapted 


by K. Sutff from a NASA image] 
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Fig. 2. Hubble Space Telescope image of Jupits’s aurora taken 
at ultraviolet wavelengths in November 1998, The planetary mag- 
netic field funnels charged partides onto the atmosphere, causing 
the moleailes to glow. Besides the main auroral oval, additional 
‘lowing lines with a bright spot on one end resut from the mag- 
netic flux tubes that connect Jupiter with its moons lo, Ganymede, 
and Europe, [Photo credit: NASAVESAUniversity of Michigan] 


‘energetic electrons on the brightness of the various 
regions of jovian aurora. They may also provide 
‘evidence far dynamic changes in the auroral emis- 
sions with the solar cycle, In addition, the extended 


and structured auroral emissions 
associated with the interaction be- 
tween Jupiter and its satellite fo seen 
in the New Horizons data will help 
to shed light on the mignatosphere! 
‘moon coupling system. 

New Horizons has also ob- 
served a major volcano eruption 
during the flyby. Spencer et al. (4) 
report details of a very large vol- 
canic plume (320 to 360 km in 
height) above the surface where the 
material condenses in the plume 
rather then being ejected from the 
souree. By analyzing this material 
‘and modeling the eruption, another 
‘question could be tackled: How var- 
{able is the mass provided by lo and 
how does this affect the mass loading 
of the magnetosphere with all its 
implications? The New Horizons measurements 
\Will provide crucial data for resolving that puzzle. 

The investigation and knowledge of the 
jovian system is important for understanding the 
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‘origin and formation of our planetary system. As 
the largest and most massive planet, Jupiter 
played a critical role in that process, The data 
from New Horizons will also help to focus future 
missions to the jovian system, several of which 
‘are being discussed among the international 
science community for the next decade, Addi- 
tionally, if we understand “our” Jupiter beter, we 
will be able to further understand the extrasolar 
“hot Jupiters” of other stars. Those massive gas 
giants with 10s of Jupiter masses most probably 
have strong internal magnetic fields with huge 
‘and powerful magnetospheres. Our understand- 
ing of the jovian magnetosphere will also help us 
to comprehend our own terrestrial magneto- 
sphere; this shield protects us and all temestial 
life against the harsh intemplanctary environment 
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Diverse Plasma Populations and 
Structures in Jupiter's Magnetotail 


D. J. McComas,”?* 
H. Elliott,” A. Stem,* P. Valek*? 


. Allegrini,’ F. Bagenal,> F. Crary,? R. W. Ebert,*? 


Jupiter's magnetotat is the largest cohesive structure in the solar system and marks the loss of vast 
numbers of heavy ions from the Jupiter system. The New Horizons spacecraft traversed the 
magnetotail to distances exceeding 2500 jovian radii (R)) and revealed a remarkable diversity of 
plasma populations and structures throughout its length. lons evolve from a hot plasma disk 
distribution at ~100 R, to slower, persistent flows down the tail that become increasingly variable 
in flux and mean energy. The plasma is highly structured—exhibiting sharp breaks, smooth 
variations, and apparent plasmoids—and contains ions from both lo and Jupiter's ionosphere with 
intense bursts of H” and Ha”. Quasi-periodic changes were seen in flux at ~450 and ~1500 R, with 
10-hour period, Other variations in flow speed at ~600 to 1000 R, with a 3- to 4-day period may 
be attributable to plasmoids moving down the tail. 


he jovian magnetotail is created by the 
| teraction of the supersonic solar wind 
with Jupiter's magnetic field and plas- 
mas, This structure stretches at least 500 million 
‘km antisunwand from Jupiter, as evidenced by 
‘several transient encounters 5000 to 9000 Ry be- 
hhind the planet when Voyager? was approaching 
‘Satur (J), 
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Jupiter's moon To spews out volcanic gases, 
roughly 1000 kg s"' of which (mostly $ and O) 
become ionized and are trapped in the planet's 
strong magnetic field, forming the lo torus (2) 
Roughly half ofthe torus ions are lost via charge 
exchange; the other half are transported radially 
‘outward and ultimately escape down the tail (3). 
Inaddition, Jupiters ionosphere provides a rough- 
|y comparable numberof light ions, primarily H” 
and Hy", to the magnetosphere (4-6). This 
mixture of ions, along with Jupiter's fast rotation 
rate (~10 hours), creates a dense rotating plasma 
disk that dominates the inner magnetosphere 
(7), A key issue for the jovian magnetosphere 
is how more than 500 kg 5 * of heavy ions from 
To and a comparable number of light ionospheric 
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ions are lost from the system down the magn 
totail (7). 

Jupiter's magnetosphere and near tail were 
previously explored by seven spacecraft, includ- 
ing extensive observations from Galileo, which was 
in orbit therefrom 1995 to 2003 (8, 9). However, 
‘other than the brief Voyager 2 intervals at very 
great distances, no previous spacecraft had made 
‘observations more than ~200 Ry from Jupiter 
Then, on 28 February 2007 the New Horizons 
(NH) spacecraft flew past Jupiter en route to 
its primary mission at Pluto, following nearly 
aan ideal trajectory for magnetotail observa- 
tions. The observations reported here sample 
the low-energy plasma ions and their proper- 
ties from ~200 to ~2500 Ry deep in the magneto- 
tail Fig. 1). 

NH’s Solar Wind Around Pluto (SWAP) 
instrument makes coincidence measurements of 
ions with energy per change (Eig) ranging from 
35 eVig to 7.5 keV/q within a276° » 10° field of 
view (FOV) centered on NHs high-gain antenna 
pointing direction, Other than a few data gaps, 
SWAP observed the magnetotail continuously 
back to >1700 Ry. From there back to >2500 Ry 
\when observations were terminated, NH repeat- 
edly crossed back and forth between the deep 
‘magnetotail and the surounding magnetosheath, 

‘Near closest approach, we observed narrow 
‘energy distributions of low-energy ions (tens of 
Vig). These ions are almost certainly an even 
Jlower-energy population (few eV) that was sub- 
sequently accelerated into SWAP by spacccraft 
charging, as is sometimes observed in the ter- 
restrial magnetosphere [e., (/0)}. Inside of 
~130 Ry, SWAP observed the low-energy tal of 
‘the hot plasma disk ion population (9, 1/). These 
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fluxes peaked nearer to closest approach and Beginning on day of year (DOY) 62 at ~75 energy distributions that show peak fluxes with- 


displayed periodicities associated with Jupiter's Ry, we intermittently 


observed both the low- in SWAP’s energy 


inge (<7.5 keV/g). Around 


plasma disk rotation. energy tail of the hot plasma population and the middle of DOY 64 at ~125 Ry, the higher: 
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Fig. 2. Plasma observations from just after NH’s inbound crossing of Jupiter's 
magnetopause late on DOY 56, through closest approach (CA) at ~32 Ry and back 
down the magnetotal to >2500 Ry, The schematic diagram of a meridional cut 
‘through Jupiter's magnetotail (top) shows the plasma disk near Jupiter and 
national large plasmoids (colored) moving down the tal, past NH. The five E/q 
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spectrograms ofthe log of cancidence count rates per 0.5-ssample cover the five 
intervals numbered in the schematic. In general, the tal becomes more disturbed 
With increasing variability in ion flux and flow speed with greater distances down 
the tal. Finally starting on DOY 132, NH crosses back and forth between the 
‘magnetotail and deep magnetosheath (intense white intervals in bottom paneD. 
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‘energy tails ended and thereafter we only ob- 
served the lower-enenzy populations. These dis- 
tributions became increasingly variable in both 
intensity and Ey with distance down the tail 
(and simultaneously away from its central axis). 
We found that the tail is very highly structured, 
with both gradual variations in the plasma and 
many sharp boundaries (discontinuities) be- 
tween plasma regimes, Further, we observed 
both energy-dispersed and nondispersed plas- 
ma boundaries, 


> 
1000 


Eig [eViq) 


190 


ott 


The SWAP observations display several inter- 
esting periodicities. The 10-hour jovian rotation 
period is clearly present in the count rates seen on 
DOY 77 and 78 at ~450 Ry, far twilward of the 
plasma disk. These observations suggest a pro- 
cess where plasma is shed preferentially for one 
orientation of the disk, possibly when the co- 
rotating convective outflow is directed tailward 
(22), Although the 10-hour periodicity was then 
absent for most of the rest of the tail passage, it 
appeared to retum again on DOY 123 to 128, at 
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Fig. 2. (A) Coincidence count spectrogram for DOY 86. (B) Spacecraft spin phase spectrogram for the 
data from 1000 to 1400 UT. Angles indicate spacecraft rotation phase for the viewing of one side of 


SWAP'S symmetric aperture. 
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Fig. 3. (A) Coincidence count spectrogram for 0600 to 2400 UT on DOY 116. (B) Ratio of secondary to 
primary counts, an indicator of ion composition. Small ratios, such as during the intense burs, indicate 
predominantly light ions. From ~1200 to 1500 UT, the two separated £/q distributions indicate two 
species with m/q values of ~3, which we identify as H.* and H* from Jupiter's ionosphere. 
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500 to 1600 Ry, just inside the magnetopause 
(first encountered on DOY 132). A possible ex- 
planation for the retum of this periodicity is that 
this region may be on open field lines inside the 
‘magnetopause that connect to relatively low lat 
itudes, close to the plasma disk, back at Jupiter, 

‘An even more surprising 3- to 4-day quasi- 
periodicity, especially noticeable over distances 
from ~600 to 1000 R;, is seen in the mean energy, 
Which varies from ~0.1 to 3 keV/g. Galileo ob- 
servations had indicated a 2- to 3-day periodicity 
in bursts of radial energetic particle flows (/3) 
and the release of plasma from the edge of the 
plasma disk, especially in the predawn sector 
(/4, 15). Here, the variations in the mean energy 
indicate variations in the plasma speed with this 
energy range, corresponding to~140 to 760 kms"! 
for H’, ~80 to 440 km s" for Hy", and 35 t0 190 
kms for 0° or $3. Although we do not havea 
definitive explanation, these observations could 
represent the passage of a series of plasmoids or 
discrete magnetic and plasma structures, For each 
expanding plasmoid, the material near the front 
‘would move faster (sum of the flow and expansion 
speeds) than the material near the back (difference 
of these speeds); for a speed difference of any 
150 km s ', 3 days corresponds to ~4 * 107 km. 
(-500 Ri), 

After DOY 81, NH was spinning at $ RPM 
ith its high-gain antenna pointing back toward 
Earth (<10° from sunward). Under these con- 
ditions, SWAP's FOV samples ~87% of 4r st, 
including all look directions except a 42° half- 
angle hole along the antisunward spin direction 
The spacecraft spin produces a beat pattem be 
tween the rotation 
dence (“herringbone” pattem; Fig. 2A) for times 
‘when the plasma has a substantial nontailward 
flow. When this pattem is not present, the plasma 
is very hot relative to the bulk flow energy and/or 
the flows are nearly tailward and fall within 
SWAP's FOV for all spin angles, The distribu- 
tions of £/q as. function of spin angle on DOY 
86 (Fig. 2B) are beam-ike, being relatively narrow 
in both angle (~30°) and Eq (50%). This ion 
beam has a substantial cross-tail (east-west) and 
small north-south flow components, Many sim- 
ilar intervals observed after NH was spinning 
indicate both narrower and broader distributions. 
Although most of the tail observations indicate 
primarily tailward flow, cross-tail and north-south 
flows are not uncommon, hence the magnetotail 
is variable and structured in all three dimensions 

‘As NH moved deeper into the magnetotail, 
it observed more frequent and more intense ion 
bursts. The most intense, ~10° times that of ten- 
‘uous ion distributions seen in the tail, occurred on 
DOY 116 at~1300 Ry (Fig. 3A), The onset of this 
burst, as well as other changes in lux and energy 
throughout this interval, are discontinuous be- 
tween adjacent S-min data samples; similar dis- 
continuities and more grdual variations are 
‘observed throughout the tail passage. The ratio 
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‘of counts detected in SWAP'S secondary and pri- 
‘mary detectors (Fig. 3B) provides an approximate 
‘measure of ion mass. Ground calibration results 
for a heavy ion (1 keV N°) produced a ratio of 
~27, whereas | keV H* had a ratio of ~1.3. In 
this interval, the higher-energy ions (hundreds of 
eV) were primarily lighter ions before and during 
the intense burst, but the higher-energy ions after 
the burst were increasingly dominated by heavy 
ions, These results, and similar ratios seen 
‘throughout the tail, show that the tail plasma is a 
Variable mixture of heavy andl light ions, as also 
seen at higher energies (76). 

Another key aspect of the burst (Fig, 3) is that 
‘wo separate £/g populations are present from 
~1200 to 1500 UT, These relatively narrow dis- 
tributions are likely ereated by two species mov- 
ing at a common bulk speed such that the E/ 
spectrum provides a mass per charge (m/) mea- 
surement, The two populations are both light 
ions, as shown above, and the m/g separation of 
~3 identifies them as H” and H3”. Although H” 
could come fom either the solar wind or the 
ionosphere, lage fluxes of Hy” clearly indicate a 
primarily jovian origin for ions in this interval 

In addition to the quasi-10-hour periodicity 
seen for days inside of the first magnetopause 
crossing, this and other crossings (Fig. 1, botiom 
‘panel display a clear boundary layer. The bound- 
ary layer contains lower fluxes of magnetosheath 
ions sometimes mixed with magnetotal ions, in- 
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<icative of at lest a partially open boundary and 
mixing of magnetosheath and tal plasmas. 

‘Overall, our observations show a tremendous 
amount of structure, fiom sharp discontinuities up 
to multiday quasi-periodic variations. One key re- 
sult is the identification of lange plasmoids, con- 
taining magnetospheric plasma from both lo and 
the jovian ionosphere, that move down the mag~ 
neta. Our observations are generally consistent 
with the theoretical pictures of Vasyliunas (17) 
and Kivelson and Southwood (18), where flux 
tubes carrying plasma sheet material expand as 
they rotate into the dusk side, stretch down the 
‘magnetotal, and eventually pinch off and become 
jected. The ions predominantly from 10 and 
Jupiter flow largely antisunward throughout the 
tail without any obvious evidence for a planet- 
‘ward retum flow. 
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When the solar wind hits Jupiter's magnetic fel, it creates a long magnetatail trating behind the planet 
that channels material out of the Jupiter system. The New Horizons spacecraft traversed the length of the 
jovian magnetotal to >2500 jovian radi (Ry; 1 R; =71,400 kilometer), observing a high-temperature, 
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tail structure remains coherent at least until it reaches the magnetosheath at 1655 fy. 


‘magnetotal is produced by the interac- 
tion of a magnetized planet with the solar 
wind (1). Early observations suggested 
that Jupiter might have one as long as ~4.6 
astronomical units (AU) (I AU = 2095 &,) (2). 
Voyager 2 encountered the jovian magneto- 
tail in 1980-1981 at ~5000 to 9000 Ry (~2.4 to 
4.3 AU) downstream from the planet (3-5), and 
‘Cassini encountered itas faras ~900 R, (6). Key 
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‘questions are: How does the magnetotail struc- 
ture evolve with distance? What is the compo- 
sition of the tail plasma and particles? To what 
extent does flowing plasma and a hot plasma 
‘component within the tail contribute to pressure 
balance across the tail? (3) The New Horizons 
flyby of Jupiter provided a unique opportunity 
to address these questions with the Pluto Ener- 
etic Particles Spectrometer Science Investiga- 
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tion (PEPSSI) and Solar Wind Around Pluto 
(SWAP) (7, 8) instruments, 

In 2007 PEPSI operated from 6 January 
through closest approach (CA) to Jupiter (32.3 Ri) 
until 09:41:11 Universal Time Coordinated (UTC) 
‘on 21 June [day of year (DOY) 172] at 2565 Ry 
(1.22 AU), Magnetopause (MP) crossings ane 
identified by the increase (18:00 UTC on DOY 
56, 67.4 Ry from Jupiter) and decline (beginning 
DOY 132at 1655 Rj 0.790 AU) of the energetic 
electrons (Fig. 1), as well as heavy oxygen (O) and 
sulfur(S) ions from Jupiter's moon lo, High fluxes 
in the proton and electron channels seen before 
crossing. the magnetopause (beginning ~05:00 
UTC on DOY 56) are associated with either 
crossing(s) of the jovian bow shock oF upstream 
‘events as seen previously near Jupiter (9, 10) 

‘Anisctropies inthe electron fuses in the lowest 
(25 to 190 keV) channel (Fig. 2) observed when 
the spacecraft was spinning are consistent with 
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at higher (~500 keV/nucleon) energies (2) Large 
faxes of protans are also present. 

‘The spectrogram (Fig. 1) contains signatures 
of six events before the MP crossing that indicate 
dispersion: ions with higher energies and lighter 
‘masses seen sooner athe spacecraft (Fig. 30). If 
‘we assume thatthe particles are guided by a mag 
netic Fed aligned wit the Jupiter-Sun line, then the 
infeed inject sites (Table 1) comespond to ~200 
to 500 R; fom Jupiter during the time period from 
8 Apsil (DOY 98) through 9 May (DOY 129). The 
simplest interpretation & that particle acceleration 


clecrons steaming away fiom Jupiter C400 Ry 
from the plane), presumably along a magnetic field 
distended away from the planet in the distant mag- 
‘netotil, The retum to near isotropy and decrease in 
iensity began on 12 May and was completed ~3 
days later, consistent with the magnetopause 
signature seen by the SWAP instrument (8). 

We analyzed the sulturto-oxygen ratio (see 
also Fig. 3B) with distance down the tail and found 
fan average value of S10 ~0.8, consistent with 
«determinations closer to Jupiter (17) but somewhat 
Ihjgher than the value obtained by Voyager 2(~04) 
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Fig. 1. PEPSSI energy-time spectrogram from DOY 40 through 139, showing hourly averaged 
‘count rates of protons, heavy ions (primarily O and 5), and electrons (top to bottom, respectively) 
summed over all six angular segments. The vertical scales show energy deposited, The top scale 
indicates radial distance of the spacecraft in Ry; CA marks closest approach. Data gaps (207/078 
16:48 to 2007/082 20:35 and 2007/106 06:40 to 2007/112 22:05) result from spacecraft 
activities, Dark vertical lines indicate times the instrument was powered off; times when the PEPSSI 
high voltage was lowered are dark in the ion and higher-energy electron channels. MP crossings 
are indicated in red, White numbers label the six dispersion events in Fig. 3C and Table 2. 
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Fig. 2. Jovan electrons 400R, CA 400R,_200R, 12008, 1600R, 
for the same period as 

in Fig. 1. After DOY 82, ee al 
the spacecraft spun at jeoroony = 


5 pm. The sensor viewing 
electrons between 90° 
and 116° to the Jupiter 
direction is the third 
olor trace at each ener- 
9. Viewing directions 
between the two other 
sensor boresights and 
the center of Jupiter 
varied between 12° 
and 38° and 21° and 
47° respectively, during 
each spin (top two color 
traces, respectively, at 
each energy). Distances, 
MP crossings, and CA 
are shown. 
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‘events are occurring inthis near-tal region, sending 
particles in lange bursts down the tail (Fig. 3D). A 
likely source is magnetic reconnection, part of the 
‘energy going into particle sreaming and part into 
the pressure that maintains the til against collapse. 

‘The temporal separation of these events, as 
well asthe velocity dispersion, provides evidence 
that they are the same phenomena observed by 
the Galileo Energetic Particle Detector (EPD) 
(13) at closer distances (80 t0 115 Ry) in the 
‘predawn region of the magnetosphere every ~2.6 
days (4, 15) (Fig. 3A). With the Lomb-Scargle 
algorithm (/6-20), we sought periodicities in the 
varying PEPSI particle fluxes. For the DOY 113 
to 127 (1220 to 1540 2) interval, we found a 
Periodicity of 3.0 + 0S (mean + SD) cays, with a 
second periodicity a 2.3 +0.5 days, consistent with 
Galileo observations (1, 2/). Independently, the 
PEPSI heavy-ion-to-proton ratio exhibits a 346 + 
(0.10 day period. Anisctropics within the sx events 
‘are consistent with strong tailward (ant-Jupiter) 
flow and are dominated by heavy ions (J, 2, 23). 

Flow anisotropies were also seen at greater 
distances of ~170 Ry in the predawn magncto- 
sphere by Voyager | and 2 (24). PEPSSI observed 
these events in the premidnight region, with later 
‘events observed when the spacceraft was further 
north and toward dusk of the presumed tail 
‘current sheet than during, the ‘observa- 
tions. Given the similar periodicities observed by 
Galileo and New Horizons, this phenomenon 
appears to occur across the entire magnetotail, 
although the initiation sites may be father from 
the planet before midnight than after 

‘To estimate the dynamical effect of these 
panicle disribusions, we fit PEPSSI data toa model 
from which density and pressure can be determined 
(supporting onkine material). The spatial variations 
‘of density and pressure are both well itby a power- 
law in radial distance r from Jupiter, scaling (figs. 
S1wS4)as-7*“ and ~7", respectively, These fits 
‘do not account for the bulk of the particle density, 
\Which resides at enangics below the PEPSSI enerpy 
threshold (8): however, this energatic population 
usually dominates the overall pressure (24, 25) The 
derived proton pressure varies between ~$00 and 
2eV.cm *, with an average of ~40 eV cm’ (cleo 
trons and O and S ions will increase this amount) 
‘AtJupiter’s location, this is greater than typical in- 
terplanetary magnetic field pressures. 

The picture emerging from the PEPSSI and 
SSWAP data is that the jovian magnetotail exhibits 
‘a dynamic periodicity associated with ejection of 
plasma. The hot plasma component playsa major 
role in defining the configuration and extension 
‘of the jovian magnefotail, while simultancously 
channeling sulfur and axygen from 10 into the 
‘outer heliosphere and beyond. 
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Fig. 3. (A) Anisotropies of energetic ions measured by the Galileo EPD showing 
tailward bursts at ~3-day intervals (26). (B) PEPSSI combined time-of-fEght and 
‘energy deposition measurements of ions the magneto- 
sphere (2007056 18:00 to 2007/32 07:00); the color scale indicates how many 
particles were detected with a given TOF and energy. (C) Dispersion analysis of 
‘on speeds during event Sof Table 2; each point is a single detected particle; the 


Table 1. Dispersive event fit parameters. The common initiation time of 
the particle acceleration is to, d is the derived distance from the 
spacecraft back to the common acceleration point, and dy is the radial 
distance of New Horizons from the center of Jupiter at the observation time 


blackline shows the bes fit (D) Trajectory of New Horizons in Jupiter's equatorial 
plane showing a model of the magnetotail; black marks show 20-day intervals 
starting from DOY 60 near CA, and six red heavy bars on the trajectory indicate 
observed event durations; associated horizontal red tines indicate the 
approximate length of path traveled by the particles inthe si dispersive event, 
assuming arti-sunward propagation. Units in (A) and (D) are Ry. 


t, These parameters are fit from the set of particle velocities v observed at 
times t, related by v"? = (t ~te)/d. The difference d — dyy gives the 
largest possible sunward distance. Cited errors are due to the deviations in 
the ¥* dispersion signature (compare to Fig, 30. 


Radial distance of ‘Most sunward 
Event to dR) New Horizons from distance possible 
Jupiter dun (Ry) d= du (R) 
A 207/098 01:10 + 10 410 +30 882.97 470 + 30 
2 207/102 00:20 + 20 790 +20 972.20 100 + 20 
3 207/108 23:10 + 10 700 +20 1038.62 340 + 20 
4 207/118 23:00 + 30 1110 + 90 1352.54 240 + 90 
5 12007/125 00:20 + 30 1270 + 40 1490.37 220 + 40 
6 207/129 05:30 + 40 1090 + 50 1585.52 490 + 50 
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Jupiter Cloud Composition, Stratification, 
Convection, and Wave Motion: 
A View from New Horizons 


D.C. Reuter,** A. A. Simon-Miller,* A. Lunsford,” K. H. Baines,” A. F. Cheng, 


4D. E. Jennings,* 


C. B. Olkin,? J. R. Spencer,* 5. A. Stern,* H. A. Weaver,* L. A. Young? 


Several observations of Jupter’s atmosphere made by instruments on the New Horizons spacecraft have 
‘implications for the stability and dynamics of Jupiter's weather layer. Mesoscale waves, first seen by 
Voyager, have been observed at a spatial resolution of 11 to 45 kilometers. These waves have a 
300-bilometer wavelength and phase veloctes greater than the local zonal flow by 100 meters per 
second, much higher than predicted by models. Additionally, infrared spectral measurements aver five 
successive Jupiter rotations at spatial resolutions of 200 to 140 kilometers have shown the development of 
transient ammonia ice clouds (ifetimes of 40 hours oF less) in regions of strong atmospheric upwelling. 
Both of these phenomena serve as probes of atmospheric dynamics below the visible cloud tops. 


piter’s atmosphere by means of the Multi- 

spectnl Visible Imaging Camera (MVIC) 
and the Linear Eialon Imaging Spectral Amy 
(LEISA) components of the Ralph imaging in- 
strument(/, 2) and the panchromatic Long-Range 
Reconnaissance Imager (LORRI) (3-5). These ob- 
servations have expanded on results gained from 
previous in situ Jupiter exploration (¢g., Pionoer, 
Voyager, Galileo, and Cassini), as well as Hubble 
Space Telescope (HST) and. ground-based ob- 
servations. In particular, the observations have been 
used to quantify the phase velocity of a series of 


T= New Horizons spacecraft observed Ju- 
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Fig. 1. (A) Terminator-to-limb MVIC methane channel image of the region 
within +5° of the equator. Intensities are divided by the solar insolation to 
nnormatize the contrast. (B) Mosaic of four LORRI frames used to determine 
wavelength; the long dimension covers about 10% of the long dimension in (A). 
The latitudinal extent is +2°. The circle-like features are artifacts produced by 
multiple reflections in the LORRI lens assembly. (C) Periodogram of LORRI data 
showing a strongly peaked wavelength distribution near 300 km. High 
correlations are shown in red and yellow, tow in black and purple. 


mesoscale waves similar to those initaly discovered 
in Voyager images (6) and to study the evolution of | 
ammonia clouds over several suscessive Jupiter 
rotations. Because the origins of the mesoscale 
gravity waves and the upwelling ammonia douls 
lie below the upper cloud layer, these measurements 
Provide a window into the srcture and dynamics 
of a region of the atmosphere that is not directly 
accessible to remot sensing observations. 

A series of scans using the MVIC color chan- 
nels were taken fiom a mean distance of 23 mil- 
lion km over a 45-min period beginning at 05:S8 
UT on 28 Febnusry 2007, At this distance MVIC'S 
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spatial resolution is about 4S km, which is about a 
factor of 3 higher than HST resolution and is com 
parable to Galileo's resolution. The scans provided 
a pole-o-pok, temminatortorimb image of Jupiter 
in the spectrally narow MVIC methane channel, 2s 
well as poledorpole images of the terminator re- 
son in the other, spectrally broader, color channe's. 

Extended mesoscale wave tins occur over 
much of the region within about 5° of the equator 
(Fig. 1). The MVIC methane channel & sensitive 10 
light from altitudes with pressures lower than about 
600 mbar Thus, the mesoscale waves conespond 
to the modulation of the cloud optical depth in a 
band somewhore above 600 mbar, There ae ade 
tional clouds within ths altitude range that are not 
modulated by gravity waves, The waves. appear 
everywhere except for small couly regions, where 
the visual contrast is reduced, and in the region near 
the limb, where curvature reduces the apparent 
wave spacing and the scenes are more crowded. 
Both of these effects reduce contrast, I is possible, 
then, that there is one continuous: wave pattem 
‘over the entire equator. When adjusted forthe solar 
illumination angle, the contrast rio of the meso- 
scale waves ranges from 1% to almost 10% The 
mesoscale waves Were also observed in the other 
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MVIC color channels near the terminator, to the 
extent allowed before saturation occurred. 
‘Transient mesoscale waves such as these have 
bbeen observed previously in Voyager (6) and 
Galileo (7) images, although their longitudinal ex- 
tent appeared more limited during these previous 
encounters. The equatorial region of Jupiter was 
unusually free of clouds during the New Horizons 
‘encounter (8) and this may have made the waves 
more visble than they were previously; the region 
‘was brownish but fd more visible clouds during 
Voyager, and was filled with opaque white clouds 
during Galileo, Altematively, the absence of clouds 
may indicate that the equatorial region was less 
turbulent than in the previous epochs, and this may 
have allowed longer gravity wave trains to devel- 
‘op. An analysis of the MVIC methane channel im- 
age indicated a narrow distribution of mesoscale 
\wave train wavelengths with a peak near 300 km 
‘A beter measure of wavelength can be ob- 
tained fiom an analysis of a mosaic of four LORRI 
images taken at nearly the same time as the MVIC 
images (Fig. 1B). The LORRI images have a spatial 
‘resolution of about 11 an, the same as the highest 
resolution obtained by Voyager Figure 1B covers 
about 10% of the longitudinal range of Fig. 1A. As 
shown in a periodogram analysis of the LORRI 
dota (Fig, 1C), high spectral power occurs for wave- 
lengths near 300 km with a greater than 99% prob- 
ability that the wavelength is between 280 and 
330 km. This is similar t0 the wavelength of 
300 + 60 km determined for the Voyager and 
Galileo mesoscale waves (6, 7). Mesoscale waves 
hhave not been identified in HST observations of 
Jupiter, presumably because averaging over its 
spatial resolution limit (150 km) reduces the 
amplitude of the signal 
‘The MVIC data were also used to determine 
phase velocity for the waves. Three scans were 
made over a 4-min period, and identifiable lo- 
calized wave structure persisted over that time 
scale, Only one scan extended from terminator to 
limb. Planetary navigation of the scans was done 
bby rectifying from the scan with the full im 
present, with an uncertainty of 1 pixel or less. The 
41-min separation resulted in a I-pixel velocity un- 
certainty of 16.9 mis Individual wave crests can be 
identified because unique structures and spits appear 
in some of the wave fronts, and itis possible to 
dtemnine their displacement (and thus the wave 
speed) by a lagged comeation analysis (movie SI) 
‘As shown in Fig 2B, the resulting absolute cas 
‘ward velocity is between 208 and 276 mvs (#30). 
‘The comelations show a. second peak near 100 mys, 
‘whose source is spare clouds moving at the zonal 
average velocity, as confimed by manual measure 
ments ofthese cloud features. A velocity of 100 ms 
is consistent with measured valves forthe equatorial 
wind velocity ffom nearly simultaneous HST im- 
ages, lending credence to the comation results 
‘When determining wave velocities, care must 
bbe taken to ensure that the solution is unique and 
does not comespond to an integer wavelength 
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shift In particular, in the case ofthe 41-min lag, if 
the wave fronts were not identifiable, then, given 
abackground velocity of 100m ‘sand a wavelengsh 
of 300 km, one would expect to see solutions 
corresponding 10 100 + 122n ms, where mis an 
integer. The identified solution of 204 to 276 m/s 
encompasses this for n ~ 1, but itis important 10 
note that because the wave fronts have identifiable 
structure, the other solutions do not conespond to 
‘correlation maxima, and the solution i unique. This 
\was verified by manually wacking the wave front 
identified by the line in Fig. 2A to calcubte the 
velocity independent of the coreltion analysis 
Allowing for potential remapping uncertainty, 
the phase speed of the mesoscale waves is atleast 
100 mvs faster than the equateral zonal wind specd. 

This result hus implications forthe source of the 
mesoscale waves and atmospheric stability. Flasir 
and Gierasch (6) developed a thieetayer mode! of 
the relevant pertion of Jupiter’ atmosphere in which 
the bottom layer acts asa ky cavity (analogous to 
1m optical etalon), generating a resonant gravity 
‘wave that excites another gravity wave in the wave 
spuide-like second layer, where it is tapped, pro- 
ducing the cbserved mesoscale waves. Bossk and 
Ingersoll (9) posited a model in which, similar to 
processes occuring on Earth, Kelvin-Helmholtz in- 
subilty produced the waves. The mode! included 
the shear layer thickness measured by the Galileo 
probe, which entered near 7°N latitude. Both mod- 
bs were sucosssfil in reproducing the observed 
300-km wavelength with reasonable assumptions 
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about the state ofthe atmosphere, but both models 
also predicted that the phase speed of the waves 
‘would be near the zonal wind speed, contrary to 
‘our findings. The wind speeds measured by New 
Horimns be outside the realm of either theory, 
hough itis possible that ane or beth models might 
becoreced by a new set of atmospheric parameters. 
Therefore, the mesoscale waves serve as probes of 
lower atmospheric levels (about 2 to 10 bar) not 
directly observable by passive remote sensing 
methods because of the opaque cloud decks, 

‘A different probe of the dynamics of Jupiter’ 
lower amosphar is provided by measurements of 
the dstibution and temporal evolution of spectrally 
identifiable armenia clouds (SIAC). Jupiter is cov- 
cred in clouds, and thermochemical models (10) 
Imply thatthe uppermost cloud layer (near 600 mbar) 
‘must be composed primarily of ammonia ice, Only 
recently, however, was ammonia ice detected spec- 
trally by Infiared Space Observatory observations 
inthe 27-to 341m spectral region (17). Tis implies 
that the background ammonia ice isin some way 
altered, and that it does not display the expected 
spectral chamacteristis. Baines et al. (/2) used 
Galileo Near-Infrared Mapping Spectrometer 
(NIMS) spectral maps to detemnine that these 
SIACs were relatively short-lived (on the order of 
hours to days) and covered less than 1% of the 
planet. The later conclusion was supported by 10- 
jumspectral measurements made by the Composite 
Infrared Spectrometer instrument on Cassini (/3), 
SIACS were found in regions such as stom areas, 
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Fig. 2. (A) Sections of three MVIC 
scans taken over the 41-min pe- 
riod used to determine the wave 
phase velocity. A particularly iden 
tifiable wave feature and some 
background clouds are marked by 
white lines. The images cover +3° 
of latitude and 23° of longitude 
near the center of Fig. 1A and are 
contrast-enhanced. (B) The wave 
speed determined from the corre~ 
lation analysis is 240 + 12 mvs, 
where the quoted error is 2 stan- 
dard deviation. 
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‘where ammonia gas upwelled from deeper in the 
stmosphere and condensed in the upper cloud 
regions. Thus, SIACS are freshly condensed am- 
‘monia clouds and serve as tracers for localized 
dynamically active events. One suggested reason 
for the ack of SIACS over most of the globe isthat 
soon after ammonia clouds fom in the upper 
atmosphere, they are modified by a continual rain 
‘of hydrocarbon miterial in an upper atmospheric 
hhaze and lose their spectral character (14). 

New Horizons made several observations of 
Jupiter with its LEISA infrared spectral imager, 
including scans of the full illuminated disk and 
smaller scans of the area near the Great Rex! Spot. 
‘The measurements with highest spatial resolution 
(200 to 140 km) were carried out from 26 10 28 
Febmiary 2007 as the distance to Jupiter decreased 


fom 3.4 milion 23 million km. Fresh ammonia 
je was detected in several bealized regions in 
these scans via the 1,994 absorption band. 
LEISA’s spectral resolution is a fictor of ~3 beter 
than that of the Galileo NIMS for wavelength near 
2 ym, which improves the special selectivity. Asin 
the Galileo observations, the areas where fresh 
ammonia ie is found correspond to active storms 
of upwelling regions (Fig. 3A), and they tend to 
‘occur in areas of high clouds (Fig. 3B). 

Maps of a region centered at 35° latitude and 
8° langiude on five successive Jupiter days, stating 
‘on 26 February 2007 at 19:35 UT, reveal the evo 
lution of the ammonia cloud (Fig. 3C). Appearing 
1 a localized source on day Jit intensified and 
broadened on day 2, became more difluse on days 
3 and 4, and disappeared on day 5. The diffusion 


+30:05 


+40:50 


Fig. 3. (A) False-color image of the region around the Great Red Spot (red, 1.99 jum; green, 2.94 ym; 
‘blue, 2.04 jum). SIACS appear as bright blue. (B) False-color image of the same region shown in (A), but 
with wavelengths chosen to measure cloud height (red, 1.60 ym; green, 1.89 jm; blue, 2.04 ym). Blue 
and white regions are high clouds. (C) Map of SIACS on five successive rotations of Jupiter in the region 
‘near ~35° latitude and 8° longitude outlined in red in (A). 
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seemed to follow the movement of a dark spot 
long the boundary of the oval region. Whether the 
dask spot was associated with the source of the 
fresh ammonia cloud or simply traveled with it 
along the oval boundary is not clear, There are, 
‘however, other ammonia festures that disappear by 
day 3, perhaps indicating the cessation of a local 
upwelling source. 

‘These observations show thatthe source of the 
SIAC can be quite transient, in this case appearing 
to last Jess than 24 hours. Atmospheric trngpext, 
followed by either precipitation of large particles or 
‘chemical alterations (/4) or bot, reply eliminated 
the spectral signature of the ammonia ice particles. 
‘This result supperts the conchision (/2) that these 
‘optically thick clouds are young (less than afew 
days old) and represent areas of unusually strong 
Vartcal dynamics, such as that produced by cor 
ection, as likely occumed in this instance. ‘These 
clouds therefore serve as trcars of the enengetics 
and small-scale dynamics of Jupiter's atmosphere at 
pressures of up 4 a few bars, New Horizons do- 
fected very few ammonia clouds northwest and 
west of the Great Red Spot, where the largest clouds 
had previously been observed (//). Such a fining i 
‘consistent with imaging observations and indicates 
that active convection is not now occuring in this 
region. This, along with changes in cloud cover of 
‘other regions, indicates that atthe time of the New 
Hrizons encounter there was a temporary change 
in the stte of Jupiter's atmosphere relative to that 
observed throughout the 1990s and during. the 
‘Cassini lyby in 2000 (7, 8, 15, 16), 
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Polar Lightning and Decadal-Scale 
Cloud Variability on Jupiter 
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‘Although lightning has been seen on other planets, including Jupiter, polar lightning has been known 
only on Earth. Optical observations from the New Horizons spacecraft have identified lightning 

at high latitudes above Jupiter up to 80°N and 74°S, Lightning rates and optical powers were similar at 
‘each pole, and the mean optical flux is comparable to that at nonpolar latitudes, which is 

consistent with the notion that intemal heat is the main driver of convection. Both near-infrared and 
ground-based 5-micrometer thermal imagery reveal that cloud cover has thinned substantially since the 
2000 Cassini flyby, particularly in the turbulent wake of the Great Red Spot and in the southern hal of 
the equatorial region, demonstrating that vertical dynamical processes are time-varying on seasonal 


scales at mid- and low latitudes on Jupiter 


Ithough lightning has been well docu- 
A teste es eae 

atu at middle and low latitudes (J~13), 
it has never been observed in the polar regions. 
Here we report images of jovian lightning in both, 
hemispheres poleward of 60° latitude obtained 
With the broadband (0.35-to 0.85-jm bandpass) 
New Horizons LORRI (Long Range Reconnais- 
sance Imager) camera (/4). On 3 March 2007, 
16 observations were made of the planet's night- 
side, eight each of the north and south polar 
regions, consisting of 40 s of total exposure time 
for each pole. Thirteen lighting strike events 
Were observed poleward of 60° (planetographic) 
latitude: six in the north polar region and seven 
in the south polar region (Table 1). The most 
poleward strikes were at 80°N and 74°S; three 
separate flashes observed were within 0.5° of 
80°N, 

Five other lightning strikes were seen near 
52°N in 15 § of total exposure time during the 
three most equatorward observations, which cov= 
‘ered latitudes southward to 45°N. Earlier space 
craft (/-7) had found that the most active 
lightning region was at latitudes near SO°N, Mul 
tiple strikes were seen during a 10-s period within 
a localized region covering less than 0.7° of 
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longitude in a field of view greater than 35° of 
longitude. Here, one flash event in a $-§ exposure 
‘was followed immediately by at least three spa- 
tially separated events in the next 5-5 interval 
(Fig. 1, top row). This corresponds to an average 
flash rate of 0.4 (or greater) over 10 s and 0,6\s 


. Jupiter Limb 


(or greater) over the single high-activity observa- 
tion. These rates are greater than the 0.25 rate 
previously observed during 60-s scanning expo- 
sures by Galileo (6,8). 

Polar lightning flashes integrated aver our 5-s 
exposure times are comparable in brightness to 
aurorae oF the Jo Flux Tube in the north polar 
region (Fig. 1) (/5). Lighting flashes extend 
spatially over many pivels in our images (repre- 
sentative lightning flashes are seen in the lower 
row of images in Fig. 1); each pixel subtends 
about 28 km atthe subspacecraft point on Jupiter 
(corresponding to $6 km latitudinally at 60°N 
latitude on the central meridian). This exten 
indicates that lightning emissions propogated 
throw 
tiple flashes extended over a large area (typical- 
1y>10,000 km") during the exposure 

The average optical energies per strike in the 
north and south polar regions were nearly iden- 
tical, 290 * 10° and 2.87 * 10° J for the north 
and south polar regions, respectively (Table 1) 
(16), despite the large (Factor of 5) variability of 
lighting strength, These values agree well with 
the mean optical energy of strikes found in non- 
polar storms: 2.5 + 1.9 x 10° J (3). The largest 
bolts observed were 9.3 10° J in the north and 
15.7 * 10°J in the south, which is also in agree- 
ment with the langest flashes observed in 

storms by Galileo (6). These li 


overt 


~ Lightning 


Auroral ribbon 


ny 


Jo Flux Tube 


80.4", 123.5 79.6°, 208.5 


697" 


£2007-03-03T07:03:03 


121.4 -66.0°, 190.0" -68,9", 222.6 


Fig. 1. Representative lightning flashes imaged by LORRI (14). (Top row) Multiple flashes are observed 
in consecutive 5-s exposures near 52°N. latitude (planetographid. (Middle) Two north polar flashes 
cbserved simultaneously in a single S-s exposure. (Bottom row) Flashes in both the north and south polar 
regions show substantial spatial extension, which is indicative of diffusive aerosol scattering of upwelling 
emission from near the 5-bar water condensation level. 
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bolts, located near 66° latitude in both hemi- 
spheres, were fourto five times the mean size and 
>18 times the smallest strike energies observed in 
the respective polar regions, 

‘The half-width half-maximum (HWHM) of a 
lightning flash (the distance over which the light- 
ning radiance falls to half of its peak value) is a 
measure of the depth of the flash. The New Hori 
zons values (a mean of 92 km) are comparable to 
those seen in previous investigations (6, 8, 17) in 
which flash depths were near the 5- to 8-bar level 
of water condensation (/8). Thus, the source of 


GalileoNIMS 


wssini Epoch 
Dee 72000 


the lightning in our observations was probably 
also within the deep water-rch regions of Jupiter. 

Previous observations found lighting. pre- 
dominantly near 14°N and 50°N (plancto- 
graphic) and less offen at 33°N and 60°N. These 
appear lo mark the southem edges of westward- 
moving jets (2, 4,6) and are regions with notable 
cyclonic shear. Similarly, the three lightning 
sirikes we saw at the highest latitudes (69° 0 
7I°N, planetographic) coincided with the south- 
em edge of the most nonherly westward jet near 
TN discovered by Cassini (19). 


Fig. 2. Global changes in Jupiter's structure: September 1996 (top lef) and December 2000 (lower left) 
versus February 2007 (right). (Top row) Near-infrared views of Jupiter from Galileo NIMS in 1996 at S jum 
(ted image) and 1.6 ym (gray image) are compared to similar 2007 New Horizons images. Substantial 
differences in cloud cover are seen in the south equatorial region and northwest of the Great Red Spot 
(GRS), Similar differences are seen in comparing the 2000 Cassini. view (lower left) with the 2007 New 
Horizons view (ight). Here, three global views are shown: three-color images in reflected sunlight (large 
mages), 51m thermal imagery (red images, bottom row), and 17.9-um thermal imagery (orange images, 
bottom row). The near-natural-color Cassini image is compared to 2 New Horizons image composed of 
1.59-;um (red), 1.90-um (green), and 1.85-ym (blue) images, emphasizing cloud altitudes and cloud 
‘opacities (28). The near-uniform thick equatorial cloud structure in 2000 is more complex in 2007, with 
distinc latitudinal variability in cloud opacity. The increased brightness of the 2007 S-um images (red 
‘mages, bottom row) confirms cloud thinning. Little change s seen in the 19.7 31m images (orange), which 
map 200-mbar-level temperatures. Arrows with labels show several latitudes where polar lightning has 


been discovered. 
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‘These locations are characterized by vigorous 
upper-level convective clouds and potentially 
0, 21). Lightning generally 
(6,8, 17), where 

ring strong 
jon and thunderstorms (2, 5, 6). Vertical 
transport may be aided by three-<dimensional plan- 
etary waves, such as have been observed near the 
equator (22, 23), and by colliding air masses as in 
the turbulent region to the northwest of the Great 
Red Spot. Both mechanisms have been observed 
to produce rapid formation of optically thick 
ammonia condensation clouds (23) and in the 
latter case, lightning at depth (24). 

In the southem polar region, only half of the 
lightning strikes occurred in the cyclonic shear or 
‘maximum westward-moving jet regions. In par. 
ticular, the strikes at 60.2°S and 66°S wereon the 
anticyclonic sides of the two most southerly 
eastward jets observed by Cassini (/ 9). The most 
polar strikes near 80°N and 74°S were located in 
regions of weak winds (<10 mys) and thus also 
‘may not be consistent with the westward wind 
paradigm. The remaining strikes at 68.4°S, 
68.9°S, and 71.2°S are consistent with it 

The distribution and power of jovian light- 
ning are different from those on Earth (5, 6), 
Rather than being concentrated within tens of 
degrees of the equator, on Jupiter lightning is 
most optically active near $0°N as observed by 
every investigating spacecraft (/~7), now includ- 
ing New Horizons. The distribution of Jovian 
lightning to high latitudes is probably conse 
uence of the relative strength of internal heat as 
compared to solar hy 5): As 
cone proceeds poleward, solar hea 
mosphere decreases, allowing the intemal heat of 
Jupiter to power strong vertical dynamics near 
the S-bar condensation level of water (25, 26) 

Before the New Horizons observations, more 
and stronger flashes were seen in the northem 
hemisphere than in the southem at nonpolar lati- 
tudes(5, 6). Voyager? saw no southem lightning, 
despite an intense observational campaign (5). 
Such hemispherical differences may be a conse- 
uence of slight differences in solar insolation or 
atmospheric stability. In contrast, New Horizons 
observed nearly identical rts of lightning strikes 
in the polar regions (0.15 strikes/s in the north 
versus 0.18 strikes in the south). In each case, 
about one-fifth of the polar rezion was viewed at 
any one time. The mean optical flash enengies of 
the individual northem and southem lightning 
strikes agree to within 296, If these average val- 
tues are representative of all longitudes, the aver 
age lightning power perarea was about 0.6 * 10° 
and 0.5 * 10° Wm poleward of 60° latitude 
for the south and north polar regions, respective- 
ly. These values are comparable to the optical 
power measured previously for the nonpolar re- 
gions 03 10° Wm = (6)and 0.32 10° Wm *(3) 

Thus, over our small sampling of time and 
longitude, the lightning frequency and optical 
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‘power in the south and north polar regions agree 
to within 20%, ‘This similarity suggests that 
mechanisms that lead to lange mid-latitude 
differences in lightning activity are not important 
in the polar regions. This view is supported by 
the Galileo observation (6) that, averaged over $° 
latitude bins, the greatest number of storms per 
‘unit area is observed in the southem hemisphere 
near 55° latitude (planetographic), but for the 
broader 45° to 60° latitude region, the northem 
and southem hemisphere values are comparable. 
‘Together, the New Horizons and Galileo high- 
latitude observations give additional support to 
the notion that intemal heat drives convection 
sand dynamics more effectively in sunlit-poor po- 
lar and high-latiude regions than in sunitrich 
‘equatorial latitudes. 

Additional insight into the nature of conyec= 
tion and vertical dynamics on Jupiter is provided 
by New Horizons global images. These show 
that vertical dynamics is variable on decadal 
scales at low and middle latitides when com 
pared to similar imagery obtained in September 
1996 by the Galileo Orbiter and in December 
2000 by Cassini-Huygens. The Linear Etalon In- 
fared Spectral Imager (LEISA) (27) on New 
Horizons obtained « high-spatial-tesolution near- 
infrared global-scale map of Jupiter, timed to 
provide nearly the same observational and light- 
ing geometry of the Great Red Spot as in the best 
Galileo near-infrared and Cassini visual imagery 
(Fig. 2) 28). 

Distinct differences in cloud cover are seen 
‘when directly comparing 1.6m images ob- 
tained by the Near-Infrared Mapping Spectrom 
‘eter (NIMS) on Galileo in 1996 (23) and the 2007 
"New Horizons images, This pscudo-continuum 
‘wavelength accentuates. views of tropospheric 


‘clouds found near the 0.5- to 2-bar level. In the 
2007 image, these clouds are notably scarcer than 
in the 1996 image in both the south equatorial 
region and in the “turbulent wake” region 
northwest of the Great Red Spot. In S-yum ther- 
mal imagery, the 2007 ground-based images 
show increased flux, similarly due the thinning 
‘of tropospheric clouds, which allows Jupiter's 
Sym thermal emissions, generated at depth 
near the 8-bar level, o readily escape out of the 
atmosphere, 

Similar differences in cloud cover are seen 
between the 2000 Cassini images and the 2007 
New Horizons images. The equatorial region is 
‘uniformly cloudy in the 2000 Cassini three-color 
image, whereas the three-color Cassini, image 
shows few clouds in the southem half of this 
region. Again, the turbulent wake region to the 
northwest and west of the Great Red Spot is 
remarkably quiescent in the 2007 image, in stark 
‘contrast to the turbulent region of swirling clouds 
seen in the 2000 image by Cassini and observed 
‘consistently for more than 20 years by Voyager, 
Galileo, and Cassini-Huygens (J, 19, 23, 29). 
This region has been observed to produce the 
largest spectroscopically identifiable ammonia 
clouds on Jupiter (23), indicative of powerful 
Vertical transport delivering relatively large 
‘quantities of ammonia gas to the upper atmo- 
sphere, There, large-particle thick clouds are 
produced on a time scale of a day or less. Yet 
the 2007 LEISA images show this area almost 
clear of clouds. Spectrascopic searches for am 
‘moni in this region, such as were successfully 
conducted with the Galileo NIMS instrument 
(23), show no spectroscopic evidence of ammo- 
nia clouds, although such clouds were seen in 
‘other regions by LEISA (30), The latitudinal 


Table 1. Record of lightning strikes observed by New Horizons. 


Planetographic W. longitude Image SOC Fe oy Energy HWHM of flash 
latitude (system it) root name UT (20° pixels) km 
1235 tor_0035211303_0x630_sci_1 146 «186 810 

1325 (or_0035211308_0x630_sci_1 079 275 1211 

208.5 {or_0035219108_0x630_sci_1 267 217 956 

89.0 (0r_0035211663_0x630_sci_1 264189 33 

118.3 (0¢_0035211303_0x630_«i_1 050 151 663 

121.4 (or_0035211483_01630_sci_1 931 225 994 

98.0 lor_0035211483_03630 sci 1 3.05 2.00 883 

98.6 lor_0035211488_03630_sci_1 07:06:07,886 034 197 868 

985 lor_0035211488_0x630_sci_1 07:06:07.886 110 179 788 

98.1 (or_00352114880x630_sci 1 193 187 826 

108.8 {0¢_0035219288_0x630_«i_1 223 219 99 

116.7 (or_0035211843_0x630_sci_1 09" 155 683 

190.0 tor_0035219643_0x630_sc_1 1566 2.76 1250 

118.8 {or_00352110848_0x630_sci_1 064 223 1008 

222.6 or_0035219668_0x630_s<i_1 093234 105.7 

203.1 or_0035219463_0x630_i_1 060 177 799 

207.1 _tor_0035219648_0x630_s<i1 1282.34 1057 


Sum of double Wash. 


region to the west was also clear of thick con- 
‘veetive clouds, out to the westem limb, 

‘The Sam ground-based observations of 
Jupiter taken contemporancously with the Cas- 
‘ini and New Horizons images (Fig. 2, bottom 
ow), confirm the changes in cloud cover. In 
contrast, the 17.9 images of Jupiter, which 
are indicative of temperatures near the 200-mbar 
level just below the tropopause, shows few 
‘changes between 2000 and 2007. 

‘Thus, the changes seen in 2007 are indicative 
of changes restricted to tropospheric depths un- 
demeath the 200-mbar level, The observed 
‘regional changes in mid- and low-latitude cloud 
[properties suggest changes in vertical dynamics 
‘and transport, including canveation, between ~400 
mbar and perhaps several bars. The cause of such 
changes in vertical dynamics is unclear, but they 
‘may be duc to variations in atmospheric stability 
at depth, perhaps due to variations in water con- 
tent andior the emission of intemal heat, Because 
the primary driver of Jupiter's global circulation 
‘al depth is Jupiter's own intemal heat, we suspect 
that the atypically quiescent view of Jupiter ob- 
served by New Horizons and ground-based 
‘observations in early 2007 will be relatively 
short-lived as the planet reverts to its typically 
dynamic state, 


References and Notes 

1. BA Smith eof, Science 204, 951 (1979) 

2. ALF. Cook, C Duby, GE Hunt, Noture 280, 794 
979 

3. W.). Boru, A. BaeNun, FL Seat, A. Cook 
G.E Mun, farus $2, 492 (1982) 

4 JA Mapales, WJ. Boruck, Nature 349, 311 
(a. 

WJ. Boruc J. A Magalhes, anus 96, 1 (1992) 

2B. Like ofa, arus 242, 306 (1999. 

UA Djudina el, anus 172, 24 (2008) 

LA Djudina et a, ara 160, 336 2002). 

1.W. Warwick tal, Science 232, 239 (1982). 

1.W. Marwick tal, Science 235, 582 (1982) 

DLA. Gurnett et a, Science 307, 1255 (2005) 

6. her ef a learus 190, $28 (2007) 

LA Dyutina to. ears 290, 545 20072. 

[AF Cheng etal, Space Sc. Reni press (avaiable at 

fnnptanteorgab07 09.4278). 

15, Nightime pola imanes were obtained with LORRI fom 
56 x 10! w $8 x 10* km over a 23-hour period on 
3 March 2007 vith 5.0 exposure times. Pel eslutin 
's 28 keipsl onthe sky, coresponding to $0 km in 
latitude at 60°N, 

16, Uihisig sites cau be singh from csc 
‘ay Hits and aural fests by ther dsincteshapes, 
Because d sight spaceclt nodding mations, 
‘contat-bighnes pint sources sth as sas produce 
cutive fests incu 5-5 exposures, une our shorted 
lighting ses Ughtning fabs produce a bright 
central las surounded by a halo of ight due to cite 
‘catering by the ovetying atmosghee. Lightring enemes 
were alate using the spetalinasance of joan 
lighting determined by Bach et of G2), The lates 
and longest ighting flashes ae determined by a 
linterna fiting progam tat generat the 
planetary slips tased onthe range, camera fca length, 
and pel sca With suiert anrast between te sky and 
the planet the elise cere is located with an tate 
east-squares pica with a predion of 0.1 pie or 
beter Far k-contvas images, the eps is placed 
manually with an uncertainty of afew pies 


FORE BS cexow 


12 OCTOBER 2007 VOL 318 SCIENCE wwwsciencemag.org 


7, W.} Bork, M.A. Willams J Geophys: Res. 92, 9893 
0926) 

18, SJ Weideschiling, ,S Lewis, karus 20, 465 
973. 

19. C P. Porc et al, Science 299, 1541 (2003). 

20, AP. tngeselle al, 1 Geophys Res 86, 8733 
‘age 

21, SS. Limaye, aru 65, 335 (1986). 

22. ML Alison, caus 83, 282 (1990) 

23. KM. Baines, RW. Carson, LW, Kamp, fears 189, 74 
ore), 

24, P.), Gira et al, Nate 403, 628 (2000) 

25, A P. Ingesall CC. Pore, kanes 35, 27 (1978), 

26, 1A Pragia, Kans $9, 169 (1984), 

27. D.C. Reuter eta, Space Sct. Re, in press (valle at 
‘tp faa.og/ati0709. 428201). 

28, Galileo NAS global maps were acquired on 5 September 
1996 fom a distance of 1.98 x 10" kn, a phase angle of 
(64.3%, a sbsolar latitude near 2 subspacecrat 
latitude near O° A Csi maging Science Subsystem 
abl image was acquired on 29 December 2000 fom a 
Alstance of approximately 2.0 x 20" km, a phase angle 
eat 90°, a subsolr Latitude near 2.9, and a 


REPORT 


‘subspacecraft atiude oar 3.5°N. A New Horizons LISA 
‘lobal map was acquired on 28 February 2007 in tree 
onthsouth scans oe a 47-nin period begining at 
‘LAD universal time (UD on 28 Februny from an 
ate of 232 x 10" km, a phase angle of 76°, 2 
‘ula latte near 29°, ae a subspaceralt attude 
of 8.4°S The three-color age (mide rgt of Fig. 2, 
{s composed of 2 59-um continuum wavelensth image 
(ted), 2 L90-m wavelength image of moderate 
snespberic gus absorption (gen), and a 1.85 um 
\nevelength image of relatively strong absorption ges 
(Glue. lve accentuates high-abitude clouds and hazes 
‘above the 300 mbar level green depicts clouds most 
frominenty neat and above the 600-mbar level. 

‘2nd red shows clouds downto several bar. The 4.8m 
(edo-color mages were acguied at NASA's Iared 
Telescope Faity URI) at 1008 UT on 30 December 
2000 by the National Science Foundation camera 
{WSFCam) camera and on 18 Mach 2007 at 14:53 Ut by 
the NSFCam2 camera, The 17.9.4 images were 
-acqed by the Jet Propulsion Laboratory's RUN 
(Ot frared Largest tage) camera (22) at 5:50 UT 
‘0n 29 December 2000 and by the MRS. Coke 


Jupiter's Nightside Airglow and Aurora 
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Observations of Jupiter's nightside airglow (nightglow) and aurora obtained during the flyby of the 
New Horizons spacecraft show an unexpected lack of ultraviolet nightglow emissions, in contrast to 
the case during the Voyager flybys in 1979. The flux and average energy of precipitating electrons 
Generally decrease with increasing local time across the nightside, consistent with a possible 
source region along the dusk flank of Jupiter's magnetosphere. Visible emissions associated with 
the interaction of Jupiter and its satellite lo extend to a surprisingly high altitude, indicating 
localized low-energy electron precipitation. These results indicate that the interaction between 
Jupiter's upper atmosphere and near-space environment is variable and poorly understood; 
‘extensive observations of the day side are no guide to what goes on at night. 


‘avian dayside ainglow and aurora have been 
extensively observed fom Earth orbit since 
their inital detection during the Voyager 

flybys in 1979 (J-8). On 3 March 2007 be- 

‘ween 06:28 and 09:58 universal time (UTD (about 

3 days after closest approach on 28 February 

at 05:43 UT) during the flyby of Jupiter, the 

‘New Horizons spacecraft made several high 

pphase-angle observations of nightside airglow 

(nightglow) and auroral emissions. Because the 

nnight side has not been well observed, long- 

standing questions remain, including the nature of 

Jupiter's 121.6-nm (Lya)nightglow (for example, 

is it similar to the tropical ares of Earth?) how the 

nnightside auroras are different from those on the 
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day side, and what the smallest structures in satel- 
Ite Foctprint auroras are and what govems ther size. 

Jupiter's nightside hydrogen Ly« ainglow was 
seen by Voyager 2 in 1979. Data from its ultra- 
violet (UV) spectrometer showed substantial non 
auroral emissions well past the terminator, which 
‘were interpreted to result from low-latitude particle 
precipitation (J, 2). Low-laiude particle precipi- 
{ation was also suggested as a way to maintain 
Jupiter's large exospheric temperature (9) and to 
account for low4atitude x-ray emission (/0). In 
‘contrast, several nightside east-west scans by the 
Alice UV spectrograph on New Horizons (//, 12) 
indicate thatthe Lyqrnightglow is faint, and there 
was no evidence of emission from high solar zenith 
“angle regions on the night side that are fir from the 
auroral regions (Fig. 1). Instead, the emissions are 
well fit by scattered solar Lye: radiation from the 
bright limb (13). This finding implies that no sub- 
stantial low latitude pasticle precipitation is current- 
ly occurring and suggests that either the Voyager 
results were spurious or Jupiter has changed 
between the two epochs (the Voyager flybys 
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\were during solar maximum, whereas the New 
Horizons flyby occurred during solar minimum). 

Observations of Jupiter's night side also pro- 
Vide a way to search for the presence of tropical 
ares, which at Earth are bands of emission on 
«thor side ofthe magnetic equator resulting from 
the recombination of ions and are useful racers 
of ionospheric dynamics (/4, /5), The Lyc day- 
_glow of Jupiter is known from Voyager Ultraviolet 
Spectrometer results to have a bulge of brightness 
that follows the magnatc dip equator (/6). A pose 
sible explanation for the Lyc bulge is extra seat- 
{ering of solar Lya radiation from a hot hydrogen 
‘population resting fram Hs" recombination on 
tither side of the magnetic equator, that is, the 
bulge might resolve into topical arcs if seen at 
‘higher spatial resolution (/7). Although no large- 
scale Lya nightglow was seen by New Horizons, 
there are indications of excess brightening near the 
terminator, especially in regions where tropical arcs 
might be expected (such as near the end points of 
the low-atitude magnet field line races in Fig. 1). 

Most of Jupiter's UV aurora results from co! 
lisions of energetic magnetospheric electrons with 
‘atmospheric hydrogen, leading 10 emissions at 
wavelengths from 80 10 165 nm. However, the 
more nergetic electrons penetrate deeper into the 
almesphere, where the resulting shorter-wavelongth 
‘UVaurorl emissions can be partially absorbed by 
atmexpheric methane. The color rato is defined as 
the ratio of the integrated auroral brightness from 
155.7 t 161.9 nm over that from 123.0 0 1300nm 
(U8, 19) and is used as a proxy for the mean en- 
‘ergy of auroral cectrons. A larger color rato results 
from preferential absorgtion of shorta-vavelength 
UV photons by hydrocarbons (primarily CH) 
‘overlying a deeper layer of auroral emissions. Data 
from the Space Telescope Imaging Spectrograph 
(STIS) on the Hubble Space Telescope (HST) 
(20) and the Ultraviolet Imaging Specuograph on 
‘Cassini (20) show that typical color ratios were 15 
{0 600 and thatthe largest ratios (and presumably 
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the most energetic precipitating electrons) occured 
‘over the moming or dawn side of the northem 
main auroral oval (as seen from Earth, In contrast, 
‘both the total UV brightness and the color ratios 
infeed from the Alice nightside seans (Fig. 2) ane 
lagest on the dusk side of the northam main au- 


roral oval (regardless of the orientation of the oval 
in system Il longitude). The implication is that 
variations in the mean energy of the precipitating 
electrons do not rotate with the planet in system Ml 
(along with th: pattem of the main oval), but in- 
stead are controlled by solar local time, with the 


postedawn daytime (20, 2/) and postlusk night. 
time (Fig. 2) regions experiencing the hardest au 
ronal cectiors. The electrons responsible for the 
Post<lusk nightiime emissions seen by Alice are 
‘mos likely connected tothe dusk flank of the mag- 
netexphore, which i likewise approximately fixed in 


Fig. 1. Eastwest disk scans ofthe atomic hydrogen Lya nightglow brightness 
‘acoss Jupiter obtained by the New Horizons Alice UV spectrograph on 3 March 
2007. The long axis of the Alice 0.1° x 4° sit was aligned north-south, and the 
scan proceeded from the night side (ight toward the daylt crescent (eft. The 
tracks (dashed white lines) and model-simulated Lyx brightnesses (solid white 
lines) for specific 0.1° x 0.3° pixels (row numbers are given at the right; the 
‘Alice boresight located inthe row-16 pitel) along the Alice sbt and examples 
of their footprints (white boxes) are indicated on a simulated Lyx image (as 
would be seen from the spacecraft range, latitude, and system Il longitude of 
78.9 jovian radii, 2.1°N, and 133.0%, respectively). Alice-measured Lya 
brightnesses (Starting at 06:28 UT at the spacecraft, at a phase angle of 
153.6") are shown (vertical white lines, representing measured values +10 
during 10-5 intervals); both model and measured brightnesses use their 
associated tracks (dashed white lines) as abscissas. The color bar at the bottom 
provides model image brightnesss in kilorayleighs (KR. The ovals of the main 
UV aurora and Io's orbit footprint are shown in red and orange, respectively. Also 
shown are VIPA model (32) surface magnetic field strengths in Gauss (green 
contours) and model traces of low-latitude magnetic field lines having peak 
altitudes of 1500 km above the 2-bar pressure level along the magnetic dip 
‘equator, plotted every 5° of longitude (green vertical tines). The white dotted 
tines are planetographic latitude and longitude at 30° intervats. 


Fig. 2. Four eastwest nightsde auroral scans 
“obtained by the New Horizons Alice UV spectrograph 
‘on 3 March 2007, stating at 06:28 UT (A), 07:28 
UT (B), 0838 UT (C), and 0928 UT (D) (at the 
spacecraft). Auroral brightnesses in two wavelength 
bands are shown superposed on simulated Ly 
images (Fig. 2). The + measured brightnesses are 
shown for emissions with wavelengths in the range 
from 155.7 to 1619 nm (green lines) and in the 
range from 123.0 to 130.0 nm (rustcolored tines). 
‘The ratio of these two brightnesses gives the “color 
ratio” (18, 19): a common proay for auroral electron 
‘energy. The +16 derived color ratios along each 
scan are shown (olid white lines), and a numbered 
‘grid on the second scan from the top provides the 
scale (measured from the scan tracks shown by the 
white dashed tines; non-uniform tracks resut from 
spaceaaft attitude corrections). A white asterisk 
marks the location of maximum color ratio along 
each track, Other features are as described for Fig. 1. 
‘The peak color ratios observed in Alice row 16 (the 
second row from the top in each panel) are 4.5 (A), 
8.5 (8), 8.1 (O, and 4.1 0). 
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solar local time (22). This observation is suprising: 
however, aher features of the main oval are abo 
‘modified by local time, such as the bright dawn 
storms, which are always seen near the dawn fim 
(23), Likewise, the width of the main oval seems to 
vays be narower in the moming than the evening, 
imspective of longitude (24). The Alice data imply 
thatthe mean energy of precipitating electrons varies 
‘with Local time across the night side of Jupiter 

‘The lo Flux Tobe (IFT) comprises Jovian mag- 
ntic fiek lines that are transiently interacting with 
the atmosphere of the satelite lo, Atthe focsprint of 
the IFT in Jupiter's upper atmosphere, a spot and 
associated downstream til of emission are seen in 
UV (and nearntiared) wavelengths (25, 26). The 
limb profile of the southem IFT footprint was ob- 
serva (Fig. 3) by the New Horizons Long Range 
Reconnaissance Imager (LORRI) high-resolution 
‘visible imager during a series of 16 5-5 exposures 
‘meant (0 establish peak auroral emission altitudes 
‘where the ovals crass the limb. Although the signal- 
{o-noise ratio ofthe images is low, at ~28 km per 
pixel, this resolution is comparsble w images ob- 
‘tained by Galileo (24), The visible emissions, which, 
are probably mostly due w the Balmer series of 
‘atomic H tines and low-level Hy bands, extend to 
high altiudes (1000 km) above the limb, The 
integrated signal in the IFT profile measured at 
the spacecraft is 5 * 10°"° to 7 * 10°" engient/s, 
the emitted power is ~0.1 to 0.15 GW. The high 
altitudes indicate that either the electron precip- 
itation was relatively soft or the atmosphere was 
highly disturbed, oF both, Indeed, substantial soft 
«lectron precipitation would be expected to greitly 
dlistuib the high-altinde atmosphere (because of its 
lov heat capacity) if the region afocted weren't so 


Fig. 3. IFT footprint limb profile as imaged 
by the New Horizons LORRI panchromatic 
camera in a 5-5 exposure of Jupiter's 
nnightside south auroral region on 3 March 
2007, centered at 09:19:07.9 UT. Scattered 
sunlight from the nearby bright timb (the 
solar elongation was ~26°) resuts in many 
artifacts at this stretch of the image, many of 
which have been removed (and several are 
covered by the inset image). The IFT profile 
(hightighted in the inset) shows up near its 
‘expected location in four sree eet images, 
cof which this is the 

location of the Fr fount sf bod 
the limb, as indicated by the white cros (ata 
planetographic latitude of 741°S and a 
system Il longitude of 235.9"; the spacecraft 
was at a range of 5,810,940 km, a latitude 
‘of 2.2°N, and a system Ill longitude of 
229.6%) Projected IFT magnetic field tines 


localized 27). In const, previous HST STIS 
measurements ofthe IFT footprint color ratio aren 
the range ffom 1.7 to 23, showing the efits of 
absorption by methane and indicating hat most of 
the precipitating electons in the IFT penetrate to 
much lower altitudes, between ~200 and 300 km 
(28). The width of the IFT flux tube emission seen 
in Fig. 3has an overall value ofabout 400km, which 
‘maps to about three lo diameters atthe satelite (ht 
is localized near lo). In addition, there appears to be 
4 parallel substructure to the emission, consistent 
With the expected cument loop connecting 19 the 
sub-Jupiter and antisJupiter points on lo (29, 30) 
However, it is aso possible that the subsiructure: 
results from the projection of a secondary spat lo- 
‘clad fanher downstream (at lower longitude). A 
spot of emission noticeable on the limibto the let of | 
the main emissions could be a precursor spot (in 
‘which case tis preduced by clectons that are sub- 
stantially more energetic than those responsible for 
the main IFT emissions), or it could be the highest- 
altitude emissions ofa spot farther downstream just 
peaking above the limb, although that seems un- 
likely UV images obtained by the Advanced Cam 
«ra for Surveys (ACS) an the HST during the imeof | 
the New Horzons observations also show the IFT 
«missions at high altitude. The HST ACS data (100-5 
exposures, 125 km per pixe) do not exhibit multiple 
sp08, although the observing geometry is. poor 
(Gupperting online materia). It may be that the [FT 
smuroral electrons are generally less energatic when lo 
ison the night side of Jupitee Further analysis of the 
IFT betprint mophology (for example, using the 
extensive data set of HST ACS servations) may be 
tsefil for detemining whether there is local time 
dependence in the vertical extent of the emissions. 


are shown (dashed lines); the right fine connects to a location separated from the center of lo by 3642 km; 
thatis, one lo diameter, toward Jupiter; the left line to a location the same separation from the center of lo 
away from Jupiter. 10° graticule of Jupiter is overplotted with planetographic latitudes and longitudes at 
11° spacing; the 180° meridian is highlighted and the limb of Jupiter is indicated (long-dashed line). The 
‘inset includes a scale bar that shows that the IFT emissions extend vertically over 1000 km above the limb of 
Jupiter. The inset is smoothed over 3 x 3 pixels the brighter parts ofthe IFT footprint have a signal-to-noise 
‘atio (SNR) of ~3.9, whereas the entire feature is detected at a SNR of ~33. 
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Clump Detections and Limits on 
Moons in Jupiter's Ring System 


‘Mark R. Showalter,** Andrew F. Cheng,? Harold A. Weaver,” S. Alan Stern,” John R. Spencer,* 
Henry B. Throop,’ Emma M. Birath,* Debi Rose,* Jeffrey M. Moore 


The dusty jovian ring system must be replenished continuously from embedded source bodies. 
The New Horizons spacecraft has performed a comprehensive search for kilometer-sized moons 
within the system, which might have revealed the larger members of this population. No new 
moons were found, however, indicating a sharp cutoff in the population of jovian bodies smaller 
than B-kilometer-radius Adrastea. However, the search revealed two families of clumps in the main 
ring: one close pair and one cluster of three to five. All orbit within a brighter ringlet just 
interior to Adrastea. Their properties are very different from those of the few other clumpy rings 
known; the origin and nonrandom distribution of these features remain unexplained, but resonant 


confinement by Metis may play a role. 


gories: dense systems (exemplified by the 
m 

(auch as Jupiter's) The effects of plasma, electro 
‘magnetic perturbations, and solar radiation pres- 
sure limit the lifetimes of orbiting dust particles, 
50 Jupiter's rings must be replenished conti 
from a population of embedded “pare 

(1-3), Jupiter's moons Adrastea and Matis orbit 
within the main ring and are probably major 
sources of dust. However, spacecraft and Earth- 
‘based images have revealed a band of material 
1000 km wide between the orbits ofthe two moans, 
(3-3) this is likely the primary source population 


P= rings fill into wo general cato~ 
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Table 1. Clump and body orbits and photometry. 


We wed the New Horizans spicomaft to 
search for small moons in the main ring during 
its Jupiter approach, to better understand the re 
tionship between the parent population and the 
prevalent dust. Adrastea (mean radius r= 8 km, 
semimajor axis a = 128,981 km) and Metis (r 
22 km, a= 127,980 km) are the smallest known 
inner moons, but the Long-Range Reconnaissance 
Imager (LORRI was capable of detecting bodies 
just 0.5 km in radius A comprehensive search 
‘was accomplished via two image sequences or 

‘movies,” in which LORRI targeted one tip of the 
fing and smapped an image every 8 to 10 min fora 
full orbital period (7.2 hours). The two movies 
comprised 49 images (designated 34600923 10 
34629723) and 63 images (34742163 Wo 34779663), 
respectively, and were separatad by 1.3 days E 
posure times were 3 s: pointing instbibty contr- 
ted a few pixels of smear to most images. 

‘A co-added image (Fig. 1A) clearly shows the 
1000-km-wide ring between the arbits of the two 
moons. Peaks in brighmess are visible interior to 
‘Adrastea and exterior to Mets. A third enhance- 
‘ment appears just outside the orbit of Adrastea 
The moons themselves occupy local minima in 


Clump or body Longitude at ‘Mean motion a (km) Equivalent 
epach* (*) (day) radiust (km) 

Family a 1210547 0.017 128737.7 +12 

al 124,004 + 0.035 1210571 0.039 128736.0 22.8 0.86 

a 120,340 20,021 1210532 0.020 128738.8 + 1.4 079 

aa 118,550 + 0.066 1210.631+ 0.063 1287318 +45 
Family B 1210.471 + 0.032 1287430 +22 

p1 305.937 0.219 1210148 0.224 128765.9 + 15.9 

Be 303.957 0.030 120.478 0.032 128742.6 +23 0.95 
Adrasteat 135.0 1207.01 = 0.001 1289805 + 0.1 B2 
Metis 250.1 1221252 + 0.001 127979.8 + 0.1 27 


Epoch i Jolla ephemeris date 245415655 (25 Febrwary 2007) Logitades are measured from the ascending node of the ring 


plane on Earth's 12000 equator. 
those of Adastea. Longitude trom this work; mean mo 
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{Defined asthe rads ofa solid body equal in brightness, assuming properties similar to 


and Sze from eater dats 28). 


fing density, but these regions are not empty. This 
same triplepeaked pattem was fint imaged by the 
Galileo spaceerat (3) but with lower signal-to- 
nose ratio (SNR). This pattem describes the loca- 
tions of parent bodies the ring looks radically 
different at high phase angles (Sun-ring-observer 
angles) (Fig. 1, B and C), which emphasize the 
tiny dust particles in the system. Here, the finer 
stricture disappears, and the main ring extends 
inward ~6000 km (6, 7), indicating that the dust 
gains are dispersed primarily inward from theit 
point of origin. 

To search for new moons, we extracted a 
sequence of thin strips from each frame, in 
which polar coordinates in the ring, plane were 
reprojected into a rectangular grid. Strips were 
generally 4000 km wide radially and were gene- 
rated at overlapping 2000-km steps, Pixel resam- 
pling was 0.1° to 02° in longitude (horizontally) 
and 100 t0 200 kam racially (vertically) Stips from 
the same nidial range of each movie frame were 
thon stacked vertically ino a single image, AC this 
step, we rotated longitudes to a common epoch, 


A 


Adrastea 


Matis 


| 


130 


125 
Orbit Radius (1000 km) 


Fig. 1. The radial structure of the jovian ring in 
backscattered light (A) and forward-scattered 
light (B and ©). images are aligned vertically 
‘and shown at the same scale, as indicated by 
the horizontal axis. Solar phase angles are 21° 
(A), 120° (8), and 140° (O. The dust interior to 
the main ring becomes progressively brighter 
as the phase angle increases. Some scattered 
light appears in the middle of (8). 
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Adrastea 


Fig. 2. Aligned image strips show the set of clumps identified as a (A) 
and {i (B). Each strip has radial limits from 127,500 to 129,500 km. 
Longitudes are rotated to a common epoch, assuming the mean motion 


strip in each panel is an average of the strips above, which is used to 
show the clumps more clearly. Two of the five a features, numbered 2 
and 5, are very marginal detections but seem to reveal an internal 


of a body at a = 129,000 km. Time steps increase upward. The bottom periodicity within this family 


* Adrastea 


Fig. 3. Close-ups of feature a1 from images 
34772943 (A) and 34774383 (B). The latter shows 
‘What appears to be @ pointike object near the tip 
‘of the ring, along with associated clumps a2 to a5. 
However, the longitude scale is less compressed as 
«21 approaches the tip (Al, and it appears as an 
extended arc ~ 0.1° long. 


using the mean motion for a body orbiting at the 
central radius of each strip. Thus, any object on a 
circular, equatorial orbit should appear aligned 
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Log of Differential Size Distribution n(7) 


1 70 
Body Radius (kr) 


Fig. 4. An illustration ofthe effects of erosion on a 
power-law size distribution. Intally, bodies obey 3 
cifferential size distribution c= 1°? (slid tne). After 
ercsion reduces all radii by $ km, the population of 
smaller bodies (dashed line) is substantially reduced. 


700 


vertically at the “rotating longitude” in 
adjacent strips and can be distinguished from the 
prevalent but randomly located background stars 

A setof unexpected features appeared (Fig. 2) 
two families of clumps within the main ring 
Family “a” comprises three distinct features plus 
two more marginal ones; fimily “B” comprises 
‘wo features separated by 2° in longitude. Both 
families are surrounded by a general brightening 
within several degrees of longitude. The clumps 
can be distinguished from moons because they 
have longitudinal extents ~ 0.1° to 0.3° (Fig. 3), 
Which is larger than can be accounted for by 
image smear or resolution limits. 

The brightest clumps are seen clearly in both 
ring movies, providing a time baseline sufficient 
to determine their orbits with reasonable preci- 
sion (Table 1), The brightest features, designated 
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4a, €3, and 2, are two to three times as bright 
as the local ring, with integrated intensities ~1% 
that of Adrastea. If they are composed of ma- 
terial with similar albedo (5%), then cach hs a 
cross section that is equivalent to 8 moon ~1 kin in 
radius Based on the rtits, the clump families 
should have appeared repeatedly in outbound 
images taken a few days later, with phase angles 
130° t 160°, The dumps are undectable in these 
images, at sensitivity levels ~10% that of the main 
ring, Because the clumps are subtantally tess 
forward-scattring than the main ring, they must be 
primarily concentrations of lang bodies, not dus 
No other moons or clumps were detected. 
The first ring movie was longitudinally com- 
plete between radial limits 104,000 to 185,000 
km and was sensitive to moons 1 km in radius 
and larger. The second movie hal narrwver limits 
of 108,000 to 154,000 km and was sersitive to 
moons with r= 05 km, Our results reveal a 
marked truncation of the size distribution of 
‘moons in the inner jovian system. For comparison, 
until 2005, the smallest known regular satelite of 
Saum was Calypso at = 11 kim. The Cassin 
mission has now revealed Daphnis at r= 6 to 8 km 
(8 Polydeuces,Pallene, and Methone each at 
3 to-4 km (9); and Anthe (S/2007 S 4) at r 
1 km (/0), Clearly, the population of satumian 
moons shows no abrupt cutoft 
The large gap between 8-km Adrastea and 
our 0.5- to I-km dius limit is therefore une 
expected: it cera 


violates our experience 


that astrophysical ensembles should follow 


powerlaw size distributions, with increasing 
numbers at smaller sizes. Two interpretations 
can be proposed. First, some models suggest that 
smaller bodies in planetary systems may have 
briefer lifetimes than larger ones against colli 
sional disruption (1/), although this assumes a 
steep size distribution of the incoming impactors. 
Altematively, if micrometeoroid erosion plays an 
important role in the jovian ring (2), then this 
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[process can act to truncate the size distribution. In 
erosive processes, dridt is a constant, indepen- 
dent of r. Hence, in the same time that Metis 
shrinks from r= 27 to 22 km all S-km bodies in 
the system would vanish (Fig. 4). This explana- 
tion requires that accretion be negligible, which 
isreasonable 50 deep inside Jupiter's Roche limit. 

Earlier images fom Voyager and Galileo 
showed longitudinal asymmetries on a scale much 
larger than the tiny clumps found by New Hori 
~20ns (6, 7, 12). The absence such lage features in 
the recent data is puzzling; perhaps seasonal or 
other time-scale variations play a mle, Cassini 
images found one hint of smaller-scale clumping in 
the jovian ring (/3), An are ~8° in length appeared 
‘nar the outer edge of the rings in three low-phase 
images, leading Adrastea at the time by ~42, The 
‘epoch was ~0:00 UTC on 13 December 2000. We 
can extrapolate our clump motions backwant for 
the intervening 2265 days to determine that fe 
tures cand 6 fell 232° +39? and 226° + 72° ahead 
cof Adrastea (/4). Uinless unknown orbital pertr- 
‘batons are at ork, these fumes ean both be ruled 
‘out as the feature imaged by Cassini: apparently, 
that feature no longer exists Cassini's images had 
lower resolution and SNR, however, so we cannot 
rule out cand fas long-ived festures that were too 
small for Cassini to detect. 

The presence of these clumps challenges 
‘our theoretical understanding. By Kepler shear, 
4 T-kmewide clump at a’s orbit wil spread 51° in 
1 year: this distance is far larger than the few tenths 
‘ofa degree of individual clumps. This leaves two 
altematives: ether the clump families are young or 
they are actively confined, ‘Transient features 
could be explained by impacts from meteoroids 
‘of by collisions among the ring members. Ifthe 
‘clumps are spreading, then this would provide an 
‘unambiguous indicator oftheir youth, OF the two 
clumps with best-determined orbits, al and a3 
(Table 1), the leading clump appears to be moving 
slightly faster, suggesting that they might have 
‘emerged from a single point ~90 days before the 
flyby. However, the mean motions are too uncer- 
‘ain to rule outa much longer lifetime. Of course, a 
recent impact should genorate substantial dust, 
such as is widely soon in Satum’s F ring (/5-18), 
‘but Jupiter's clumps are not dusty. Also, an im- 
pact would be expected to produce one broad 
are rather than the multiple, seemingly uniformly 
spaced clumps seen in the o fimily 

‘Altematively, the 1.8° periodicity of clumps 
in group a is suggestive of a resonant con- 
finement mechanism, perhaps comparable to 
Galatea’s effects on the Adams ring of Neptune 
(U9, 20). Metis’ resonances probably dominate: 
although it orbits three times as far away from the 
clumps as Adrastea, Metis is ~20 times more 
massive. Notably, Metis’ 115:116 corotation 
inclination resonance falls at 128736.9 km, just 
(08 km from the orbit of the a family. Also, its 
adjacent 114:115 resonance falls.at 128743.6 km, 
‘which is 06 km from the orbit of the 8 family. 
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With 6.7 km between resonances, the probability 
that both families would fall so close to resonant 
locations by random chance is 4% (although the 
‘orbits have relatively larger uncertainties). How- 
ever, these resonances are expected to confine 
‘material at intervals of ~ 180°/115 = 156°, which 
does not match the observed clump spacings. 
Nevertheless, the clumps in Neptune's Adams 
ring also do not show the predicted periodicities, 
suggesting that our understanding of resonant 
‘confinement remains incomplete. 

The jovian ring’s large-scale asymmetries 
have now vanished, but different, much smaller 
structures have been revealed. This follows upon 
observations that the radial strcture of Satum’s 
equally faint D ring has changed radically in the 
past 25 years; some features have faded and 
spread, whereas other regions show entirely new 
structure (2/). Similarly, the uranian ¢ ring has 
recently been found to have shifted radially since 
the 1986 Voyager flyby (22). We conclude thatthe 
geneml class of dusty rings may be much more 
‘dynamic and time-variable than was previously 
supposed, with variations on 10- to 20-year time 
seals not the exception but the norm. 
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‘The New Horizons spacecraft observed Jupiter's icy satellites Europa and Ganymede during its flyby 
in February and March 2007 at visible and infrared wavelengths. Infrared spectral images map 
1,0 ice absorption and hydrated contaminants, bolstering the case for an exogenous source of 
Europa’s “non-ice” surface material and filling large gaps in compositional maps of Ganymede's 
Jupiter-facing hemisphere. Visual wavelength images of Europa extend knowledge of its global 
pattern of arcuate troughs and show that its surface scatters light more isotropically than other 


icy satellites. 


‘ASA’s Voyager and Galileo space probes 
revealed the icy Galilean satellites to be 
distinct, complex worlds with surfices 

geologically and chemically sculpted by diverse 

endogenic and exogenic processes (/. 2). Many 

‘outstanding questions remain regarding the com- 

position and biological potential of Europa’s inte- 

rior ocean and the nature of its icy crust, the 
existence of possible oceans within Ganymede 
and Callisto, and the composition of enigmatic 


“non-ice” material on Europa and Ganymede that 
distorts their HO ice absorption bands (3-5). 
During its 2007 flyby of Jupiter, New Hori- 
ons (6) coserved Europa, Ganymede, and Callisto 
(able S1) with its infrared (1.25 to 2.5 um) Linear 
Etalon Imaging Spectral Array (LEISA) (7) and 
its panchromatic (0.35 o 0.85 ym) LOng-Range 
Reconnaissance Imager (LORRI) charge-coupled 
device camera (8). LEISA observations used 
spacecraft motion to slew the field of view across 
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Fig. 21. LEISA compositional 
‘mapping of Europa. (A) Ex- 
ample spectra, top to botto 

LISA trailing hemisphere spec- 
‘rum showing distorted H,0 
bands, then LEISA and NIMS 
(5) leading hemisphere spectra 
showing cleaner H:0 ice. These 
‘examples ilustrate LEISA data 
‘quality and the spectral varia- 
bility of Europa’s surface. Upper 
spectra are offset by +0.4 and 
+0.8. Uncertainties are i 
‘ated by the scatter. (B) Spatial 
distribution of the “non-kce” 
‘material that distorts Europa’s 
H20 bands. Highest. concen 
trations (in red, as indicated by 
the shared color bar) occur 
near the tailing apex (270°W, 
‘O°N), The fraction depends on 


Normalized reflectance 


14 


the specific end-members selected and should not be taken as an absolute number. 
(©) Depth of the 2-ym residual H:0 feature, omitting regions having only small 
fractions of pure ice. Band depths vary relatively litle across the rest of the surface, 


indicative of homogeneous H,0 ice texture, 


the target to build up spectral image cubes. 
LORRI observations consist of single images oF 
pairs of images with bracketing exposure times 
made in a pointsand-stare framing mode, During 
the several-tay close approach phase, Ganymede 
and Callisto remained on the far side of Jupiter 
from New Horizons, limiting the spatial reso- 
lution achievable but allowing study of their 
Jupiter-facing hemispheres, including regions of 
Ganymede poorly mapped by Galileo's Near- 
Infrared Mapping Spectrometer (NIMS). Europa’s 
‘more rapid orbital motion enabled composition- 
al mapping of most of its surface, 

Europa’s distorted HO vibrational absom- 
tion band shapes ane attributed to water of hy- 
ration, but the composition and origin of the 
hhydrated material are unresolved. Association 
with lineae, chaos regions, and possible erup- 
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Fig. 2. LEISA compositional mapping of Ganymede. (A) Regions of Ganymede not mapped by NIMS 
(fed hatches) and mapped by LEISA (yellow outline). (B) Example spectra, top to bottom: LEISA 
spectra of Barnard Regio (10°W, 2°S) and of the bright, rayed crater Citi (64°W, 32°5) compared 
with NIMS spectrum of an ice-rich region (27). The spectra are normalized at 1.8 jim and offset by 
+06, +0.2, and -0.2, respectively. (C) Map of integrated absorption by the 1.5- and 2-yum H20 ice 
bands. Regions around Cisti (black circle) and Bamard Regio (white circle) contributed to the LEISA 
average spectra in (8). 
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tions raise the possibility that the hydrated ma- 
terial came from Europa’s interior ocean (3-5). 
‘Compositional interpretations favoring hydrated 
magnesium andior sodium sulfate or sulfide salts 
‘might then constrain ocean chemistry and poten- 
tial to host life (9, 10). However, exogsnic sulfur 
fiom lo (or from endogenic salts) was shown 0 
be rapidly modified on Europe's surface by 
charged particles ffom the jovian magnetosphere, 
leading to  ridiolytic sultir eyele on thousand- 
‘year time scales between elemental sulfur, sulfur 
‘oxide, and sulfiric acid, which is also a good 
spectral match for the “notrice” material (//-14) 

New Horizons made three LEISA observa- 
tions of Europa with subspacecrat pixel scales 
from 250 to 180 km, corresponding t0 120 10 230 
pixels on the disk of Europa. The observations 
included the tailing hemisphere where the "non- 
ice” material was known to be more abundant 
(13), The spectral resolution of LEISA (VAR = 
240) is potentially high enough w distinguish 
contending hydrated salt and acid species (14), 
‘but calibration procedures for LEISA data are stil 
being refined, so we will concentrate on the two 


Fig. 3. Large-scale ar- 
‘uate troughs on Europa, 
(A) Arrows mark the 
340°W trough segment 
detected in Galileo im- 
ages. Galileo only ob- 
served the region to the 
left of the white curve 
at suitable illumination 
‘geometry to reveal these 
features. Dashes indicate 
the predicted continua- 
tion of the trough (19). 
(B) A highly stretched 
New Horizons LORRI im- 
age of the same region 
(roughty 10°W to 30°E, 
10°S to 45°N, with 
nnorth up) reveals the 
continuation of the trough (white arrows). 


strong HO ice absorption complexes at ~1.5 
and 2.0 yim that dominate the spectra (Fig. 1A). 

‘We mapped the distribution of distorted H:O 
bands by using a simple mixing model with two 
components derived by averaging several 
distorted spectra for one end-member and 
several clean ice-like spectra for the other. The 
resulting map (Fig. 1B) confinns previous re- 
sults (4, 13) and extends coverage substantially, 
showing that the band-tistorting material is 
distributed symmetrically about the apex of the 
trailing hemisphere (270°W, 0°N). This pattem 
is consistent with implantation of sulfur from lo 
and of bambardment by magnetospheric charged 
particles (15), Our “non-ice” map also matches 
the distrbution of an ultraviolet absorber, possibly 
sulfur, mapped from Voyager data (/6). The main 
deviation from this symmetry in both maps is an 
area of cleaner ice south of the tailing apex ass0- 
ciated with ejecta from the young, bright, rayed 
crater Pwyll 271°W, 25°S), That Pwyll ejecta 
contains less “non-ice” is consistent with an exo- 
genic source for that material. However, instances 
‘of local geographical control of the “noni” mae 


Fig. 4. LORRI disk- 
integrated photometry of 
Europa. New Horizons ob- 
servations (filled circles, with 
1-4 error bars) are consist- 
‘ent with Voyager measure- 
iments (open diamonds). A 
second-order polynomial 
Vi) = ¢+ bg + ag" (smooth 
curve) approximates. the 
data with b = -0.01 and 
a=22 x10", 


Rotationally-corrected VF 
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terial (4, 13) imply at least some endogenic in 
fluence on its formation or preservation. 

Removing appropriate fractions of distorted 
band material from each pixel leaves residual 
HO spectra. The residual absorption bands mea- 
sure the mean optical path length traversed within 
HO ice. A band depth map (Fig. 1C) shows litle 
regicnal variation, implying relatively consistent 
fice textures seross the surface of Europa. Processes 
governing ice texte evidently lack the song 
hemispheric asymmetry of the processes respon 
sible forthe distbution of “non-ice” material, 

New Horizons targeted Ganymede's subjovian 
hemisphere (Fig. 2A), including bright, rayed 
craters Cisti (64°W, 32°S), Tros 27°W, 11°N), 
and Shu @°E, 43°N), as well as darker Nicholson 
Regio (SOPW to 40°E, 10°S to 50°S), Bamard 
Regio (20°W t 10°F, 10°S to 10°N), and 
Perrine Regio (70°W to OPW, 10°N to SO°N). 
The 1.,6541m H.0 ice band, characteristic of low- 
temperature crystalline ice (/7), is well resolved by 
LEISA (Fig. 2B) Some regions of Ganymede’s 
trailing hemisphere were reported to exhibit HjO 
band asymmeties like Europa's “nonce” (5), 
Asymmetric bands are also apparent in LEISA 
spectra, especially of darker ans, Subtle dips 
suggestive of hydrates appear around! 14, 1.7, and 
18 jam (/4), but their interpretation awaits im 
proved calibration. Comparison of an HO absomp- 
tion map (Fig, 2C) with the context map (Fig, 2A) 
shows greater H;0 ice absorption associated 
with brighter regions and with recent impacts 
‘and their ejecta, The bright, heavily cratered, 
Jeading-hemisphere region south of 20°S and west 
‘of 40°W shows particularly strong H:0 absorp 
tion. This comrelation is consistent with accumula 
tion at the surface of a globally distibuted dark 
material except where relatively recent impacts 
have excavated cleaner ice fram below the surface, 

LORRI panchromatic images of the satellites 
With spatial resolutions of 15 to 30 km/pixel 
reveal no changes since Galileo images ~5 years 
‘earlier. Processes that modify surfaces at large 
spatial scales, such as impacts of kilometersized 
bodies, are highly untikely during that interval 
[<10™ probability (18) 

LORRI images surveyed Europa's large-scale 
arcuate troughs, which are notable for their scale and 
their symmetry, They form two sets of concentic 
small cles with centers at antipadal points 300°W, 
JON andl 120°W, 10°S. From Galileo imaging and 
image-derived digital terain models, they are up 10 
~50)km wide and fom several hundred meters to 
more than a kilometor deep (/9). They do not 
dlstort or displace other, intersecting surfice albedo 
and tectonic features and are not obviously related 
to other tectonic pattems identified on Europa (20). 

The New Horizons tmijectory provided low Sun 
elevation, near-nomal views of Europe's tailing 
hemisphere terminator, embling us to target gaps in 
‘comparsble Galileo coverage, LORRI images reveal 
‘a predicted northward extension (/9) of the trough 
‘segment near 340°W longitude (Fig. 3), confining 
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‘thatthe troughs are a truly global phenomenon. No 
‘rough was seen near longitude 270°W, but that re- 
‘2ion is geologically complex, with numerous criss- 
cerassing dark lineaments. The north-south offset of 
the antipodal centers of symmetry, maintained in the 
New Horizons images, hints at tue polar wander 
‘of Europa’s ice shell (27-23), 

From Eath, the solar phase angle for the Ju- 
piter system is <12°, limiting Eanh-based measure- 
‘ment of directional scatering by jovian satlies 
Only spacecraft can access higher phase angles 
LORRI observed the Galilean sstelites ta range of 
phase angles (ule SI), filing gaps in Europe's solar 
phase curve between 32° and 103° and berween 
109° and 143°, The photometric date, comected for 
longinidinal variations and nonmalized to Voyager 
data (24, are shown in Fig 4. Europa’ brightness at 
= 70° is more than 40% of its fully iluminted 
brightness, underscoring the unique texture of its 
surface produced by active resurficing. The 
‘companible number for Earth's Moon is only 20%. 

Our observations. improve measurement of 
Europa’s phase integral g, which describes the 
directional scattering properties of light reflected 
from its surface. The new q value is 1.01 + 0.04, 
‘compared with 1.1 + 0.1 from previous Voyager 
data (24). Compared with other actively resur- 
faced icy satellites, Europa’s q is marginally 
‘higher than that of Enceladus (0,89 + 0,10) (25) 


but lower than that of Triton (1.14 + 0.03) (26). 
Using a geometric albedo of 0.67 + 0.03 for 
LORRI wavelengths (8, 24), we find a new Bond 
abedo of 0.68 + (05, compured with a previous 
value of 0.6 + 0.1 (24, meaning that Europa ab- 
sarbs less sunlight than previously thought. 
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UV Aurorae Observations 
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‘The New Horizons (NH) spacecraft observed lo’s aurora in eclipse on four occasions during spring 2007. 
NH Alice ultraviolet spectroscopy and concurrent Hubble Space Telescope utraviolet imaging in eclipse 
investigate the relative contribution of volcanoes to Io's atmosphere and its interaction with Jupiter's 
‘magnetosphere, Auroral brightness and morphology variations after eclipse ingress and egress reveal 
changes in the relative contribution of sublimation and volcanic sources to the atmosphere. 

Brightnesses viewed at different geometries are best explained by a dramatic difference between the 
dayside and nightside atmospheric density. Far-ultraviolet aurora morphology reveals the influence of 
‘plumes on 1o's electrodynamic interaction with Jupiter's magnetosphere. Comparisons to detailed 
simulations of Io's autora indicate that volcanoes supply 1 to 3% of the dayside atmosphere. 


ts volcanism is the ultimate source of mate 

rial for Io's sulfur-dioxide atmosphere, The 
interaction between lo’s atmosphere and the Io 
plasma torus produces displays of auroral emis- 
sions on fo, supplies plasma to Jupiter's magne- 
tosphere, and physically links To to Jupiter (J). 
‘The relative importance ofthe volcanoes asa direct, 
‘immediate source of the atmosphere, versus sub- 


I: is avolcanically active moon of Jupiter, and 
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limation of frosts deposited around these volca- 
foes, has remained uncertain since the atmosphere’s 
éscovery in 1979 (2, 3), o's average dayside sur 
fBce temperature repidly drops after eclipse ingress 
or at night [likely from ~120 K  ~90 K: (4, 5)} 
\hich is sufficient to diminish the sublimation com- 
ponent of the atmosphere across most ofthe sur- 
face and possibly results in an atmosphere mostly 
supplied directly from volcanoes. 
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‘Aurora observations, particularly while fo is 
in solar cclipse by Jupiter, can provide infor- 
‘mation on both To's atmosphere and its interac~ 
tion with Jupiter (6-14). The New Horizons 
(NH) spacecraft was able 1 observe lo in 
cclipse four times during its flyby of Jupiter in 
late February and early March 2007 (Table 1), 

‘We report NH Alice ultraviolet (UV) spec- 
trometer (/5) observations of lo eclipse ingress 
and egress. Io eclipse observations by other NH 
instruments are reported separately (/6, 17). 
Alice provides spectral images in the extreme 
and far-UV (EUV and FUV) pass-bands from 
52 nm to 187 nm with 0.3-to 0.4-nm resolution 
for point sources and 1.0- to 1.2-nm resolution 
for extended sources, as lo was for our observa- 
tions (78), and a spatial resolution of 0.1° by 
0.3° along the 4° long narrow part ofits slit, 

‘Supporting observations were also made with 
the Advanced Camera for Surveys Solar Blind 
‘Channel (ACS/SBC) (/9) on the Hubble Space 
‘Taescope (HST). Angular plate scales of 0.034 
are secipixel and 0.030 are secipixel on the de 
tector result in slightly rectangular pixels, Use of 
the SBC's FI2SLP filter excludes sky background 
signal from geocoronal Lyman-c emissions while 
‘passing through the atomic oxygen (ON) 130.4 nm 
and longer FUV emissions of interest for lo. 

‘Auroral emission features include a global limb 
glow around the disk of the satelite, sub-Jupiter and 
‘anti-Jupiter equatorial spots (ar glows), and a wake 
region (on the orbital leading hemisphere, down- 
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stream relative to the magnetospheric plasma low). 
‘These lange-scale features are known to change 
brightness and location with Jupiter’: changing 
‘magnetic field orientation at lo and ane diagnostic 
Of the local flow of the fo plasma tons past the 
satellite and into its atmosphere (0, 11, 20-23). 
Dramatic visible auroral glow have been seen from 
‘numerous voleanic plumes, including the lange 
“Tyashtar plume that was active at this time (17), 
‘The question of how much of the dayside at- 
‘mosphere comes fram SO» frost sublimation versus 
Volcanoes remains dificult t resolve. Previous the- 
‘retical Work demonstrated that auroral brightness 
variations with time afler lo enters eclipse ingress 
provide a means to investigate the relative contrbu- 
tions of volcanic and sublimation sources to los day- 
side atmosphere (14). A rdative contribution fram 
Volcanoes of I to 10% was suggested based on only 
ew data points with inadequate time coverage. 
We observed the time series of Io's FUV 
emissions in shadow using Alice (Fig. 1) and the 
HSTSBC (Fig. 2}. The last Alice exposure in 
IE-clipse0S (rad points in Fig. 3, A to ©)  ~40% 
brighter than it is in eartior measurements (Table 2) 
and likely represents predicted. postecipse aurora 
brightening (/4). In TEclipse01, the view is of the 
dayside, similar to that for HST (Fig. 2). This view 
includes Io's wake emissions. The high inital 
brighinesses and the deorase in brightness afer 
ingress in TEclipse01 (Fig, 3) may be because the 
‘amount of sublimation is puuticubity sensitive 
changes aller eclipse ingress on the dayside atmo- 
sphere. There was litle change in volcanic activity 
“observed during the encounter period (17): hus, any 
changes in o's neutral atmospheric density must be 
atirbutad 1 other sources, The plasma tons density 
is thought to be relatively sable on the time scale of | 
days, The trend of brighter aurom with Lo’ location 
in denser regions of the plasma tonus (2/) would 
exacerbate the difference in measured OL 135.6nm 
brighinesses batween IEclpse01 and TEclipseO (fig. 
1B). Viewing geometry of the asymmetric amo 
sphere regions and the large-scale auroral fexwures 
Viewed (eg, wake viewed in IEctipse01 but not 
IEclipse)4) could explain the differences, but the 
FUV equatorial spots a: consistently brighter than 
the wake s0 the [Eclipse view is fivored. Abo, 
‘measurements of SO: longitucinl distribution (24) 
suggest that the cayside equatorial densities in the 
region viewed in IEctipse01 (at 344°) are a. few 
times ess dense than IEctipse0 (at 241°). The two 
‘Alice ingress series are best explained by a dra- 
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‘matic difference between the densities of Io's day- 
side and nightside atmospheres. 

‘The HST/SBC data (Fig. 3D) show that lo's 
FUV brightness decreased between the first and 
last exposures by roughly factors of 1.5 and 13 
for square regions of widths 0.55 Ry, and 4 Ry, 
(lo radi), respectively, centered on fo. The most 
prominent FUV emission lines that contribute to 
this image are the same neutral O1 1304 nm, OL 
135.6 nm, and SI 147.9 nm lines observed with 
Alice (Fig. 1B). However, the first SBC exposure 
‘cccurred 12 min after umbral ingress, which is flor 
the time expected for the most dramatic variations. 
‘Alice cbserved the key penods for IEcipse 01. and 
TEclipseO4, but only two points at ~90 min afer 
ingress for this Iclipse03 event. Cassini visible 
aurora imaging (/1) showed similarly moderate 
‘variations in brighiness over a period stating ~20 
min after ingress. 

‘A comparison betweon aurora simulations and 
the auroral brightness time series shown in Fig. 3 
cembles a higher fidelity assessment of o's at- 
mospheric sources. Volcanic column densities of 
2x 10 em*.4« 10" an, and 8 x 10" on out 
Of 1.5 = 10" cm were used in Fig. 3 (1% 3%, 
and 5% cases, respectively), The dita are best 
«described by a yoleanic contribution of 1 103% toa 
primarily sublimation-supplicd dayside atmo- 


sphere. Volcanic cantributions of >5% are rejected 
forthe epoch of these observations. 

Other methods for characterizing the amospher 
ic sources fice the predicament of collocated vole 
ccanic plumes and SO» frost deposits, potntially 
confsing spatial associations of higher density near 
volcanoes with the respective sources, Recent re- 
Ports sing these other methods are in general 
agreement with the result of 1 to 3% reported here 
(25, 26), but SOs maps derived fiom Lyman b> 
sorption images show more gas near the equatorial 
terminators than expased (27, 28, 24) and remain 
ifficult to reconcile with these levels of sublimation, 

The latitudinal extent of the sub-Jupiter equ 
torial spat (Fig. 2, C to F) decreased by ~25% 


% fom 
1710 37 min after umbra ingress. Space Telescope 
Imaging Spectrograph (STIS) ko eclipse observations 
similarly hinted at FUVemissions more localized to 
the magnetic equator (/3), In shadow, preferential 
ceosure of Jo's cectindynamic current system was 
predicted to occur through local plume atmospheres 
(29, 30). A combination of local dominance of the 
plume atmosphere over the sublimation source could 
‘explain this variation in the latininal extent of the 
sub-hupiter equatcral spot with time in eclipse. 

‘An emission feature between 200 km and 
$580 ham above the limb and located near the bright, 
newly discovered “Eat Gimu” volcano i sean in 


Table 1. NH lo eclipse Alice observation summary. Supporting observations with the HST/SBC are 
also indicated. \Ectipse02 was dropped from the plan and not performed. 


Visit name Date __Umbral ingress Umbral egress Instrument used Number of exposures 
‘Ectipseor 2/25/2007 19:53 2158 Atice 16 
WEctipseo3 2/27/2007 14:21 1627 Alice 2 
HST/SBC 8 
\Ectipseoa 3/1/2007 8:50 10:56 ‘Alice 20 
{EctipseoS 3/3/2007 3:18 5:25 Alice 2 


Fig. 2. (A) Alice spectral image, a com- 
bination of all Kctipse04 data. Features 
‘include lo in row 17, the lo plasma torus in 
rows 9 to 22, background interplanetary 
lyman-a emissions in rows 7 to 26 (red 
fectangle/T-shaped sit; near this the sensi- 
‘tivity changes abruptly from a gap in the 
detector photocathode coverage), and 
increased detector noise at the left and 
‘ight edges. instrument-scattered Lyman-c 
from Jupiter andlor detector dark signal is 
ubiquitous at longer wavelengths in all 
rows and hint at row-to-row flat-ield 
\ariations known from lab measurements. 
(B) Alice lEctipseO2, IEclipse04, and 
IEclipse0S lo spectra combined into sunt 
and eclipse averages. Spectra for each vist 
are offset by increments of 200 for clarity. 
Neutral and ionized atomic emissions are 
indicated with arrows ("lo” and “Alasma 
Tons + lo,” respectively). The time varia- 
bility is presented in Fig. 3, and integrated 

emission line brightnesses are listed in 


Dan Avtaged Fa rotor 
& 


Waeenan (anastora) 


‘Table 2. Eror bars are SDs of the variability. Adjacent rows are averaged for the background subtraction, 


‘which is incomplete at longer wavelengths. 
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Fig. 2. HST/SBC FUV images of lo on 27 February 
2007, concurrent with NH IEclipse03 observations. 
(A) Average of all eight 5-min HST exposures. (B) 
‘Same as (A), with labeled features. The sub-Earth 
longitude is 344°. The sub-jovian (0°) and orbital 
trailing (270°) longitudes are indicated with dashed 
and dotted meridians, respectively, with 15° 
‘ridding for the graticul. The view of lo from Earth 
is 33° from the concurrent NH view. Contours 
indicate 0.5 kilorayleigh (KR) increments in bright- 
ness levels. The aurora morphology is qualitatively 
consistent with previous FUV observations. The 
uupstream-side auroral feature is nominally expected 
where the jovian magnetic field is tangent to the 
limb Ghown with arrow). However, its location is 
~15° North and likely influenced by the East Gitru 
plume (17), The wake auroral feature is observed to 
‘extend >1 Ri. downstream relative to the plasma 
flow. The 1.4 + 0.2 times brighter southern polar 
limb glow measured between 0.75 and 1.25 Re is 
consistent with lo being located “above” the plasma 
torus centrifugal equator (23). The nearby north, 
south, and west Masubi volcanoes known to be active 
at this time (27) may also enhance the southern timb 
‘glow brightness on the left (fig. $2). The F125LP 
filter includes FUV emissions in the 125-nm to 200-nm band-pass, which are time series of 10-min (two exposure) averages. The brightness contours (labeled 
primarily 01 130.4 nm, 01 135.6 nm, St 138.9 nm, $147.9 nm, 1166.7 nm, $1__in kilorayleighs) ave scaled to match the ~50% brightness level in each image to 
181.2 nm, and S! 190.0 lines for atomic gas, with smaller contributions from better compare the equatorial spot shape and latitudinal extent as.a function of 
ionized Sil 125.6 nm, Sil 142.9 nm, and Sil 172.9 nm (20). (C to F) HSTSBC time. The latitudinal extent decreases by ~25% from (C) to (F). 


Fig. 3. Time series of | 1200 
{o's auroral emissions 2 
in Eclipse, (A) NH Alice 
\Ectipse01, tEclipse03, 
leclipseoa, and 
lEclipseOS brightness 
measurements of O! 
13546 nm emissions are 
shown with time after ¢ 
umbral eclipse ingress, 2 
(B) Same as (A), but & 
normalized to values in } 
‘eclipse from 50 to 125 
min after ingress and i 
compared with aurora 
simulations (14) for three 
levels of volcanic contri- 
bution. (C) Same as (A) 
and (8), but normalized 
to pre-ingress, sunt va- 
ues. The last measurement 
‘in lEctipse05 supports the 
predicted postectipse 
brightening. 1Ectipse01 
views the daysde, whereas 
IEctipse04 views most the 
nightside and is dimmer. 
These diurnal (phase an- 
‘le variations indicate that 
the atmosphere in shadow 
(both on the nightsde and i i i 

‘in ecpse) is supplied pi- ° same termine mntes) ° pmo aterUaertiogese(anuey 
marily by volcanoes (see 

additional plotsin fig. $2). lEclipse01, obtained at roughly twice thedistance R, with time in eclipse, concurrent with the IEdlipseO3 event. The SBC 
from NH as lEclipse04, has more statistical noise. (D) HSTACS/SBC — brightnesses decreased by a factor of 13 during the period between 20 min 
brightness measurements of regions within the limb and extending a few and SO min after ingress. 


Fy 100 
‘Teme Ator Umbral ingress (minutes) 


NST SOC 0550.55 A. tox 
SHST SBC 404 box 


Relative FLV Brightness 


Relative Brighinens (Ot 1958 rm) 
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Table 2. Alice-measured emission line brightness averages and SDs in sunlight and eclipse. 


Disk-average brightness (rayleighs) 
Emission line Type 
HEctipseor IEclipseos {Eclipseos 
01 130.4 nm Sunlight 706 = 134 445 = 27 347 2142 
Eclipse 597 +43 394214 254271 
Ratio SE 1.18 + 0.26 112 + 0.08 137 £068 
01 135.6 nm Suntight 882 + 177 577 £35 480 = 188 
Eclipse 797 £57 536 +18 381294 
Ratio SIE 111s 0.28 1.08 + 0.08 126 +058 
$1147.9 1m Sunlight 3167 £271 986 = 54 596 + 288 
Eclipse 1205 + 87 874 + 28 429 +144 
Ratio SE 0.97 = 0.24 1.13 + 0.07 1.39 + 0.82 


NH Long Range Reconnaissance Imager (LORRI) 
images (77), This sume feature appears in the HST/ 
SBC image in Fig. 2B, cbtained when East Gimu 
was shifted just behind the limb, The auroral feature 
‘near East Gir in both LORRI and HST/SBC im- 
ages is~15° northward of Jupiter's fil line tngent 
point atthe limb, which suggests that ionospheric 
ccurents are diverted northward from this nominal 
position toward a region of higher gas density near 
the plume: Similar deviations ofthe ant-jovian FUV 
‘emissions fiom nominal tangent points observed 
With STIS are likely caused by the prevalence and 
disribution of plumes there (27) Voleanic plume 
uronic were not identified in previous lower<uality 
STIS FUV images, which caused an apparent dis- 
crepancy with visble images of plume auronse. The 
East Gimu plume FUV auroral feature in Fig, 2 ro- 
solves this discrepancy and! reveals the infhuence of 
plumes on [o's clectrodynamic intercon. The 
‘upstreamside emission feature is more apparent 
‘when limb brightsned at viewing goometriss like 
those reported in Fig. 2. This featur’ was predicted 
bby aurora image simulations (22) and is dingrontc of 
the divergence of the plasms flow upstream of ka 
primary tit of Fos interaction withthe plasma tos 
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REPORT 


lo Volcanism Seen by New Horizons: 
A Major Eruption of the 


Tvashtar Volcano 


J. R. Spencer,"* S. A. Stem,? A. F. Cheng,” H. A. Weaver,” D. C. Reuter,* K. Retherford,* 


‘A. Lunsford, * J. M. Moore,* O, Abram 
KL Jessup,? F. Marchis,” P.M. Schenk,?? 


M. C Lopes,” J. E. Perry,” L. Kamp,’ M. Showalter,” 
-. Dumas** 


Jupiter's moon lo is known to host active vokanoes. In February and March 2007, the New Horizons 
spacecraft obtained a global snapshot of i's volcanism. A 350-kilometer-high volcanic plume was seen to 
emanate from the Tyashtar volcano (62°N, 122°W), and its motion was observed, The plumes 
morphology and dynamics support nonballstic models of large lo plumes and also suggest that most 
visible plume particles condensed within the plume rather than being ejected from the source. In images 
taken in Jupiter eclipse, nonthermal vsible-wavelength emission was seen from individual volcanoes near 
{o's sub-Jupiter and anti-Jupiter points. Near-infrared emission from the brightest volcanoes indicates 
‘minimum magma temperatures in the 1250- to 1335-kelvin range, consistent with basaltic composition. 


vided the fist close-up obsonations of the 

{idally driven volcanism of Jupita’s moon lo 
Sine the last Galileo erbitercbservations of fo in late 
2001 (J). The dosest approach to lo occured at 
21:57 UT on 28 February 2007 at a range of 224 
million km. Sunlit observations were made at solar 
phase angles ffom $* to 159°, and four eclipses of lo 
by Jupiter were also observed. NH obtained 190 lo 
images with is 4.96 jad por pixel panchromatic 
(400 to 500 im) Long-Range Reconnaissance im 
ager (LORRI) and 17 color nighttime and eclipse 
mages with the 20 rad por pixel Multicolor Visible 
Imaging Camera (MVIQ) athough MVIC coverage 
of To's day side was not possible because of detector 
saturation. NH aso obtained seven 125- to 251m 
rearinffared image cubes at 62 jrad per pixel with 
the Linear Etalon Infared Spectral Ary instrument 


T: ‘New Horizons (NH) Jupiter flyby pro- 


(LEISA) and numerous disk-integrated ultraviolet 
observations with the Alice instrument, discussed 
separately (2). 

Eleven volanic plumes were identified in the 
NH images (Fig. 1A and table SI) In addition to the 
single very large “Pelesype” plume at Tyashia, 
\which is described separately, NH observed 10 SO 
‘ch “Promethausstype” plumes (3-5). These smaller 
plumes averaged 80 km high and varied greatly in 
brighiness. Plumes seen for the fist time by NH 
include those af Zal and Kurdalagon and a large new 
plume, 150 km high, at north Lema Regio, which 
has produced a lage albedo change. Three of these 
plumes, north Lema and north and south Masubi, 
‘are associated with recent large lava flows, sup- 
porting the idea that Prometheustype plumes 
result from mobilization of surface volatiles by 
active lava flows. All active plumes that were on 
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the disk or near the limb were also visible in 
Jupiter eclipse images because of excitation of 
plume gases by the jovian magnetosphere (Fig. 
2B), as also seen by Galileo (6). 


seach ins, 1050 Wat Set, Sate 300, 
AISA Headguaters Wasigton, 
‘noplied Phys labratoy, Joins Hopkins 


ersiy, 11100 jones Hopkins Road, Laure, MD 20723, 
‘NASA Godard Space Fight Center, Greenbet, MO 207, 


Sauer Obsenatary, Casa 39001, Satiagn 39, Chie, 
“To whom correspondence should be addressed. E-mail: 
‘spencer @ boulder swri.ed 


Masubi, Galileo 


LORRI imaged almost all of fo at riatively low 
‘Phase angles with resolutions between 14 and 22 km 
Per pixel, providing a surface albedo map suitable for 
‘comparison with previous maps (7) Fig. 1A), There 
area lest 19 locations where surface changes have 
‘occurred since Galileo's lsst gota images, then 
between 1999 and 2001 (Fig 1A). The number of 


haps because of NH's lower spatial resolution, the 
lick of a color dat set with resolution, 
‘and the possbilty of surfice changes tht have fied 
‘ince their formation. 

The lage plume at Tvashtar has renewed the 
{ange ring-shaped plume deposit seen at Tvashtar in 
2000 (/), which had been cbscured by other plume 
‘posits by mid-2001. A two-ldbad plume deposit 
sunounds a new, 2404m-long dark feature, probe 
ably a lava low, t Masubi (Fg. 1, B wD) created 


Masubi, NH 
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bby he two plumes observed by NH: “"Nomth Masubi” 
‘ear the vent and “South Masibi” at the distal flow 
fioet. This flow isthe longest new lava flow to be 
‘erupted an To since the 1979 Voyager images. The 
"Noth Lema volcanic phume has produced a 700+km- 
‘wide concentric depost (Fig. 1, E and F) surounde 
ing a fresh, 130-4n-long apparent dark lava flow. 
‘Other late Galleo-em plume deposits notibly around 
Dazhbog and Thor (8), have faded to invisibility. 

LEISA observed 1.25-to 254m voleanic ther 
‘mal emission for lo’s night sie o in Jupiter eclipse 
‘at almost all longitudes at spatial resolution of 140, 
10 170 km por pixel, producing a unitomn global 
snapshot of o's hightemperature yoleanic thermal 
‘emission (Fig. 1A) Theanal emission fiom several 
volcanoes was also seen in 0.4-to 1.0m LORRI 
images in Jupiter eclipse oF on the night side (Fig. 
2A). AL least 36 hot spots were detec. All cor. 
‘respond to previously known sctive voleanc centers 


Mosubl 


— 


ager N. Lerna, NH 


Fig. 1. (A) Global map of lo derived from eight LORRI images obtained at 
phase angles between 26° and 47°, showing volcanic activity detected by NH. 
See fig. $1 for an unannotated version. Yellow ovals denote areas with new, 
{aded, or shifted plume or other volatile deposits since the last Galileo images 
‘in 2001. Green circles denote areas where probable new lava flows have 
‘occurred. Cyan diamonds indicate locations of active plumes (table S), and 
‘orange hexagons are volcanic hot spots detected by LEISA. For plumes and hot 
spots, symbol size indicates the approximate relative size and brightness of the 
features. (B to F) Comparison of NH LORRI and earlier images (7) of major 
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surface changes at Masubi (45°S, S7°W) and North Lemna (55°, 290°W), 
‘eprojected to a consistent geometry. The scale bars are 200 km long, and cis 


associated 
with what is probably a new dark lava flow. The old flows are still seen by NH 
at high phase angles (0), suggesting the plume deposis are not thick enough 
‘to obscure the surface texture of the old flows. At North Lerna, a recent 


‘eruption has generated a 130-krlong dark feature (F), probably a lava flow, 
‘as well as an active plume that has produced a concentric pattern of deposits. 
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(9) except fora bright new hot spot that we call “East 
Gin” at 2PN, 235°W, 130 km east of the known 
voleano Gim, This hot spat location comesponds to 
«an inconspicuous dark linear fture, persbly an old 
fissure eruption, in Galileo images. No aseciated 
albedo chang: is visible in sunlit LORRI images; 
perhaps East Gin is a very young eruption that is 
not had time to produce observable albedo changes. 
No plume was seen in reflected light at East Gira, 
but a detached glow 330 km directly above the hot 
spot was seen in eclipse images (Fig. 2A), suggesting 
some associated gas output 


LORRI exipse images show numerous faint point 
sourass of emission (Fig. 2A), particularly near the 
suib-vian and ant-jovian points (on the equator at 
longitudes (and 180PW). with atypical brghiness of 

100 kRaykigh assuming a 1S-kme-by-15-km source 
region. These were aso som in Galileo eclipse images 
©) These spotsall corespond to low-albedo volcanic 
centas (Fig. 2D), but because simuttoncous LEISA 
images show no conesponding cluster of bright spots 
in the nearinffared (Fig 2, E and F), where volcanic 
thermal emission dominates, it is kely that a non 
thermal mechanism, probably plasmaceate, crete 


Fig. 2. images of lo in Jupiter edipse. (A) LORRI image taken at 27 February 1437 UT with an effective 
‘exposure time of 16 . Dark blotches and straight fines are artifacts. The brightest spots (P, Pele; EG, East Giru) 
are thermal emission from active volcanoes, and more diffuse emission from the plumes and atmosphere (6). 
(B) Same image with lttudeflongitide ord showing glowing plumes (plume sources, able Si, indicated by 
red diamonds). (C) Simulated sunt view with the same geometry, based on sunlit LORRI images (Fig. 14). (D) 
Combined sunlit (cyan) and eclipse (red) image, showing that al ponte sources of emission in the ecipse 
‘mage comespond to low-albedo volcanic centess. (E) A ~23-m LESA edipse image at 27 February 15:31 UT, 
showing thermal emission from active volcanoes. Hongation ofthe hot spats is an artifact. (F) Combined visible 
albedo (cyan) and LEA thermal emission (red) image, showing the sources ofthe volcanic emission. 
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the sub-jpvin and ant-jovian clusters of point-soure 
emission, Most ofthese spots are less dan about 30 
kin size, suggesting a nearsurfice origin, 

A foetuitous major eruption of the Tashtar vol- 
‘cano during the NH flyby provides a comprehen- 
sive view of a lame, sulfurrich Pele-class (3) 
volcanic plume on lo, Tvashta, a series of calderas 
centered near 62°N, 122°W, has bean one of Io's 
‘most active volcanos in recent years An active 
period from lite 1999 to early 2001 (J0-12) 
produced a large infrared hot spot, plume, and 
orange pyroclastic deposits and was followed by 
quiescent conditions seen in late 2001 (J, 13) and 
carly 2003 and 2004. Renewed themnal emission in 

2006 (/4) may have been an earlier 
2007 enuption seen by NH. Continued 
thermal emission from Tyashtar was seen by 
ground-based observations during and after the NH 
encounter from 18 Jarnsary (/5) to 27 May 2007 

The 2007 Tyashitar plume was fit scen in back- 
scattorad light in 260-1 wavelangth images from 
the Hubble Space Telescope (HST) an 14 February 
2007 (Fig. 3) and agnin in absomption in Jupiter 
transit images on 21 Februny (Fig. 3B). Absomption 
in the 260-m wavelength region suggests, by 
analogy with previous HST observations of the Pele 
plume, that the Tvashtor plume is rich in S> gas (16), 
as abo infired fiom the orange color of its plume 
deposits seen previously by Galileo (/2, 17). 

NH imaged the Tvashtar plume on 39 occasions 
over 78 days, at phase angles between 7° and 159° 
and LORRI resolutions between 12 and 38 km por 
pixd. The plume height was remarkably constant, 
varying between roughly 220 and 360 kr, and fll 
\width was about 1100 km, consistent with the diam- 
er of the pyroclastic depesits (Fig. 1). The plume 
had a bright op in all images (Fig. 3,C,D, and F to 
4), very similar to Voyager images of the Pele phume: 
This morphology i not consient with simple bal- 
list models of plume particle flight, as noted for Pele 
(18), but is consistent with hydrodynamic models 
With entained particles that include a gas shock front 
at the top of the plume (/%). Most Tvashtar pluie 
images show litle evidence for a centr upgoing 
column of panicles e, Fig. 30), suggesting that the 
observed particles may condense out of the plume 
rather than being direly ejected fam the vent. 

The plume contains remarkable time-variable 
filamentary structures similar to those glimpsed in 
the single high-resolution Voyager 1 image of the 
Pele plume. This structure allows tracing of meion 
within the plume ina sequence of five images ofthe 
‘upper part of the phime obtained at 2-min intervals 
con | March (Fig. 3, F to J, and movie $1). Speeds 
projected on the plane ofthe sky re 04 t0 0.7 kms! 
(Fig. 3E), comparible to expected ballistic ejection 
speeds fora 350-kn-high plume (—1.0 km 5), and 
accelerate as plume features fll toward the surfie. 
Features appear to slide down the upper surface of 
the plume rather than tracing ballistic trajectories 
originating atthe vent. 

The source of the Tyashtar plume is associated 
with by fr the brightest hot spot sn by NH (Fig. 4) 


Fig. 3. The Tvashtar plume. 


260 rm atzonsion by the plume 
against Jupiter: 260 nm (blue) 
plus 330 nm (green) plus 
410 nm (red) color compos: 
ite, Other images are in Vist 
ble tight from NH LORRL The 
sale bars 200 km long, and 
the yellow star indicates the 
projected locaton of the hot 
spot atthe plume source. The 
dashed tne isthe terminator. 
(© Highest resolution view of 
the ull plume, ata resolution 
of 12.4 kam per pivel and 
phase angle of 102°, show- 
ing the flamentay structure. 
Images are sharpened by 


C0281 


unsharp masking: the dark E Plume speeds 


AHST, 02/14 B HST, 02/21 


(A) Discovery image by HST 
in backscattered light in the v 
F25SW fier (central wave- i 

length = 260 rind. The red 

diamond indicates the plume 

source. (B) HST image of 


D 03/02 06:07:22 


F 03/01 23:50:31 


1:04:22 


line atthe edge of the dikis. 0.8 
an artifact of the sharpening, 2 
(D) image at 145° phase & 0.7 
angle at 224 km per pixel, 
showing the time variability B 0.6 
of the details of the plume & 
structure and the persistert © 0,5) 
bright top. (F to ) Sequence 
of frames at 2-min intervals 3 0.4) 
showing dynamics in the up- “O° 
per part of the plume (the a 0.3 


source is on the far side of 0 
lo). Colored diamonds track 
individual features whose 
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speeds, projected on the plane of the shy, are shown in (E) 
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Fig. 4. LEISA spectra of volcanic thermal emission from Tvashtar, Pele, and East Girru, with best-fit 


Blackbody fit: 1335 K 
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blackbody curves superposed. Vertical axis units are GW steradian’* um*. 
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Thermal emission was observed on multiple acca 
sions by LORRI, LEISA, and by MVIC at wave- 
lengths from 25 to below 07 jm, The hot spat 
location, 62.5°N, 122.5°W, coincides with the fie 
fountains seen at Tvashtar by Galileo in November 
1999, The spectrum can be fit with a single tem- 
perature blackbody at 1287 K. from 1.25 to 2.04 jm, 
providing a lower limit to the magma temperature, 
comparbie © Galileo estimates (/2), Assuming a 
temperature of 1200 K for the Tysshtar hotspot, an 
area of 49 km” is derived from the brightness in 
LORRI images, comparable to the ~25 km? area of 
the incandescent fire fountain seen by Galileo at 
Tvashtar in November 1999 (2), The isothermal 
blackbody emission spectrum at clos’ to magmatic 
temparaunes is also consistent with an energetic rup- 
tion such asa fire fountain, rather than, for instance, 
spreading and cooling lava flows (20, 2/). Temper- 
atures are consistent with basaltic lava composi- 
tion: Exotc high temperature magmas, infer from 
some Galileo observations (22), ane nok required 
either at Tyashtar oF other hot spats saen by NH. 
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Excitation of Lunar Eccentricity by 
Planetary Resonances 


‘Matija Cuk 


collision between Earth and another pro- 
toplanet (/), after which a circunnterestria! 
debris disk quickly accumulated into a satelite 
(2). Subsequent tidal interactions (3) expanded 
the lunar orbit from 3 to 60 Earth radii (Re). The 
effects of tides on lunar coventricity (e) are 
‘complex: Whereas tides raised on Earth increase 
¢, solid body tides within the Mocn damp it (4). 
Goldreich (4) derived analytical estimates of 
the relative importance of the tides within Earth 
and the Moon and found that the lunar ¢ should 
bbe increasing. Because curently lunar free eccen- 
Uricty, eee, iS 0.053 (Materials and Methods), 
the two effects had to be close during much of 
the system's history if they were to prevent 
extreme damping or growth (2, 4). 
Lunar laser ranging (5) confirma the recession 
‘but found the increase in e to be significantly lager 
than the theory predicts. ‘The most plausible 
‘explanation for this is that the ocean tides, which 
are known to provide over 95% of the Earth's tidal 
dissipation, cannot be modeled by simple tidal 
bulges, which lead the Moon in longitude 
‘Both the system's age and ocean-tide models 
(6) suggest thot Earth’s tides have become more 
important over time, probably because the ocean 


Tae 


dissipation depends on the forcing frequency 
(Gc, length of day). If they were weaker than 
Junar tides during the initial rid orbital expan- 
sion, any primordial e would have been greatly 
reduced during this crucial epoch, contradicting 
Goldreich’s hypothesis (5). 

If not primordial, where does the present ¢ 
‘come from? Kaula and Yoder (7) noted that an 
‘otherwise minor periodic perturbation known as 
Jovian evection (govemed by the geocentric 
angle between the lunar perigee and the position 
‘of Jupiter) becomes resonant at the Earth-Moon 
distance of about 53R¢ and calculated that the 
resonance capture would have occurred if eee < 
0.0076 when entering the resonance. 

To test this hypothesis, we constructed a nue 
merical integrator by using a symplectic algo- 
rithm (explicitly separating Keplerian motion from 
small perturbations (8)]. The lunar orbit was 
integrated directly, whereas the orbits of Earth 
and Jupiter were considered unperturbed. Earth 
tides were included directly by using a quadru- 
pole “bulge” leading the Moon by a canstant an- 
gle, whereas the satellite tides were ignored. 

The integration with a constante Earth's 
orbit (ig. $1) matched the analytical results (7) 
However, itis not a good mode! for the resonance 


oA 
0.08 
2 
£ 
H 0.06 
|B 0.04 = 
z 
c 
0.02 
° 
0 0.002 «0.008 ~—=—«O00GS=SCiHSCiSCSCD 
Initial free eccentricity 


Fig. 2. Median postresonance éje for nine sets of numerical simulations plotted against their initial ejme- 
‘Six Sets of 30 runs with initial enge = 0.005 to 0.015 lasted 50 My, and the three sets of 15 runs with 
lower initial epee lasted 33 My. Each error bar plots the scatter of the 50% of the runs closest to the 
‘median. The two dashed lines show the free eccentriy of the Moon at 53R¢ extrapolated back from the 
present, assuming Earth’s tidal quality factor Qe = 12 (bottom) oF Or = 35 (top). 
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passage because we have ignored the variation of 
Junar orbital precession, which mirrors the planet- 
induced oscillations in Eanth’s eocenticity. To 
avoid directly integrating all eight planets, we 
treat the Earth's orbit as Keplerian but with slowly 
varying eccentricity and longitude of pericenter 
following a secular theory (Materials and 
Methods). Thus, modified simulations (fig, S2 
and Fig. 1) show that the present orbital ej of 
the Moon can be generated by the resonance 
passage if eee 2 0.005 before the resonance, 

‘We sso considered other planetary resonances 
that the Moon must have encountered, The only 
‘other important resonance happens at 46.62%, 
and involves Venus (table $1), With use of nu- 
merical simulations, we found that the prereso- 
nance egg at 46,6 had to be larger than about 
10,001 if the Moon was to enter jovian resonance 
a S3Re with ee ~ 0.005 (fig. $3), 

A lunar éjg¢~ 10"? could be a tidally damped 
‘remnant of a primordial e or a product of the 
lunar cataclysm (9) through basin-forming im- 
pacts or close encounters with massive (31000 km) 
‘objects. In either case, our results support the 
view that lunar tides were dominant over ter= 
restrial ones during the first few 100 million years 
(My) of the system’s history (4, 5}, which would 
make high-e lunar orbit (10) beyond 20R: rather 
unlikely. Although our analysis cannot exclude 
solar resonances (//) inducing a high e closer to 
Earth, interactions with a circunwerestil ring 
(2) likely made early lunar orbital evolution 100 
fast for lange eccentricity excitation (11), 
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The Chlamydomonas Genome 
Reveals the Evolution of Key Animal 
and Plant Functions 


Sabeeha S. Merchant,"* Simon E. Prochnik,”* Olivier Vallon,* Elizabeth H. Harris, 
Steven }. Karpowicz,” George B. Witman,* Astrid Terry,” Asaf Salamov,” Lillian K. Fritz-La 
Laurence Maréchal-Drouard,” Wallace F. Marshall,” Liang-Hu Qu,” David R. Nelson,?° 
Anton A. Sanderfoot,”? Martin H. Spalding,”? Vladimir V. Kapitonov,"* Qinghu Ren,-* 
Patrick Ferris," Erika Lindquist,’ Harris Shapiro,’ Susan M. Lucas,” Jane Grimwood, ** 
Jeremy Schmutz,"* Chlamydomonas Annotation Team,t JG! Annotation Team,t 

Igor V. Grigoriev,? Daniel S. Rokhsar,”*¢ Arthur R. Grossman” 


‘Chlamydomonas reinharddi is a unicellular green alga whose lineage diverged from land plants over 
1 billion years ago. It is a model system for studying chloroplast-based photosynthesis, as well as the 
structure, assembly, and function of eukaryotic flagella (lia), which were inherited from the common 
ancestor of plants and animals, but lst in land plants. We sequenced the ~120-megabase nuclear 
genome of Chlamydomonas and performed comparative phylogenomic analyses, identifying genes 
encoding uncharacterized proteins that are likely associated with the function and biogenesis of 
chloroplasts or eukaryotic flagella. Analyses ofthe Chlamydomonas genome advance our understanding 
‘of the ancestral eukaryotic cell reveal previously unknown genes associated with photosynthetic and 
flagellar functions, and establish links between cilopathy and the composition and function of flagella. 


hlamydomonas reinhardii is 4 ~10-pm, 
( ‘unicellular, soil-dwelling green ale with 

multiple mitochondria, two anterior 
flagella for motility and mating, and a chloroplast 
that houses the photosynthetic apparatus and critical 
metabolic pathways (Fig. 1 and fig. SI) (1), 
Chlamydomonas is used to study eukaryotic 
photosynthesis because, unlike angiosperms 
(lowering plants), it grows in the dirk on an 
organic carton source while maintaining a func- 
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tional photosynthetic apparatus (2), It also is a 
‘modal for elucidating eukaryotic flagella and basal 
body functions and the pathological effects oftheir 
«dysfunction (3, 4). More recently, Chlamydomonas 
research has been developed for bioremediation 
purposes and the generation of biofuels (5, 6). 
The Chlorophytes (green algae, including 
Chlamydomonas and Oxreocoocus) diverged from 
the Streptophytes (land plants and their close 
refatives) (Fig. 2) over a billion years ago. These 
lineages are part of the green plant lineage 
(Viridiplantae), which previously diverged from 
opisthokonts (animals, fungi, and Choanoza) (7) 


SCIENCE VOL 318 


Many Chlamydomonas genes can be traced to the 
‘green plant or plant<animal common ancestor by 
‘comparative genomic analyses. Specifically, many 
Chlamydomonas wd angiosperm genes are de- 
fived from ancestral green plant genes, inéuding 
thos associated with photosynthesis snd plastid 
function: these are also present in. Osireoenccues 
spp. and the moss Physcomirella patens (Fig. 
‘Genes shared by Chlamydomonas and animals 
derived from the last plant-animal common ane 
‘cesor and many of these have been lost in angio- 
spemns, notably those encoding proteins of the 
‘eukaryotic flagelum (or cium) and the associated 
basal body (or centriole) (8). Chlamydomonas also 
displays extensive metabolic flexibility under the 
control of regulatory genes that allow itt inhabit 
distinct environmental niches and to survive 
fluctuations in nutrient availability (9). 

Genome sequencing and assembly. The 
12i-megabuse (Mb) draft sequence (/0) of the 
Chlamydomonas nuclear genome was generated 
at 13* coverage by whole-genome, shotgun end- 
sequencing of plasmid and fosmid libraries, fb 
lowed by assembly into ~1500 scaffolds (/). Half of 
the assembled genome is contained in 25 scafolds, 
‘each longer than 1.63 Mb. The genome és unusually 
‘GC-rich (64%) (Table 1), which required mexlfca- 
tion of standard sequencing protocols, Alignments 
fof expressed sequence tags (ESTE) to the genome 
suggest thatthe draft assembly is 95% complete (/) 

‘The Chlamydomonas nuclear genome con 
rises 17 linkage groups (figs. S2 40 S18) presuin- 
ably comesponding to 17 chromosomes, consistent 
\ith electron microscopy of meiotic synaptonemal 
‘complexes (//). Seventy-four scaffolds, repre- 
senting 78% of the draft genome, have been 
‘aligned with linkage groups (Fig. 3 and figs. $2 
S18} Scquenced ESTS from a field isolate (/) of 
Chlamydomonas, fertile with the standard labora 
{ory strain, identified 8775 polymorphisms, result 


Fig. 1. Aschematic of a 
Chlamydomonas cell 
(from transmission elec- 
tron micrographs) show- 
‘ng the anterior flagella 
rooted in basal bodies, 
with intraflagellr trans- 
port (IFT) particle arrays 
between the axoneme 
‘and flagellar membrane, 
the basal cup-shaped 
chloroplast, central nu- 
cleus and other organ- 
elles. An expanded cross 
section of the flagellar 
‘axoneme, as redrawn 
from (48), showsthe nine 
‘outer doublets and the 
central pair (942) micro~ 
tubules; axoneme sub- 
structures are color-coded 
‘and labeled (ee inset) 
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ing in a marker density of 1 per 13 kb (2, 13). By 
comparing physical marker locations on scaffolds 
‘with genetic recombination distances, we estimsted 
100 kb per centimorgan (eM) on average. 

‘The Chlamydomonas genome has approxi- 
‘mately uniform densities of genes, simple se- 
quence repeats, and transposable elements. 
‘Several ATrich islands coincide with gene~ and 
‘uansposable element-poor regions (figs. S2 to 
'S18). As in most eukaryotes, the ribosomal RNA 
(FRNA) genes are aranged in tandem arrays. They 
are located on linkage groups I, Vil, and XV, 
although assembly has only been completed on 
the outermost copies. We identified 259 transfer 
RNAs (RNAs) (/) (table SI}, 61 classes of simple 
repeats, ~100 families of transposable elements 
(Z), and 64 (RNA-telated. short interspersed 
clements (SINEs) (lables $2 and $3), which is 
‘unusual for a microorganism, We also identitied 
ARNAS clusters and number of recent (RNA 
‘duplications fig, $19), as well as clusters of genes 
associated with specific biological functions (fig. 


$820). Few chloroplast and mitochondrial genome 
fagments wore detected in the nudear genome 
"ap" and “mito” in Fig. 3, and figs. S2 10 S18). 

Protein coding genes and structure. Ab initio 
and homology-based gene prediction, integrated 
with EST evidence, was used to create a reference 
set of 15,143 protein-coding gene predictions (/) 
(tables $4, $5, and 6). More than 300,000 ESTs 
Were gonersted fiom diverse environmental con 
ditions; 8631 gene models (56%) are supported by 
mRNA or EST evidence (14), and 35% have been 
cited for gene stcture and/or annotated by manta 
‘curation, as of June 2007. Protein-cading genes 
have, on average, 83 exons per gene and are intron 
Fich relative to other unicelular eukaryotes and land 
plants (15) (fg. S21 only 8% lack intrans (Table 1) 
(), The average Chlamydomonas intron is longer 
G73 tp) than that of many cukaryotes (/6), and the 
average intron number and size are more similar 10 
those of multicellular organisms than those of 
protists (fig. S21) (J, 17). Only 1.5% of the introns 
are short (<100 bp) and we did not observe the 


~ 


Fig. 2. Evolutionary relationships of 20 species with sequenced genomes (54, 55) used forthe comparative 
analyses in this study include cyanobacteria and nonphotosynthetic eubacteria, Archaea and eukaryotes 


from the comycetes, diatoms, thodophytes, plants, amoebae and opsthokonts. 


sis of a 


‘cyanobacterium by a eukaryotic protst gave rise to the green (green branches) and red (red branches) plant 
lineages, respectively. The presence of motile or nonmotile flagella is indicated at the right ofthe cladogram. 
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bimodal intron size distibution typical of most 
eukaryotes (fg. S21A), Furtbemnore, 30% of the 
intron length is due to repeat sequences (1), which 
‘suggests that Chlamydomonas introns are subject 10 
‘rcation or invasion by transposable elements, 

Gene families. We identified 1226 gene fais 
in Chlamydomonas encoding two oe more proteins 
(Dzof these, 26 families have 10 or more members 
(abl S7), The genes of 317 of the 798 two-gene 
families are amanged in tandem, which suggests 
‘extensive tandem gene duplications, Gene families 
‘ccntan similar proportions of the total gene cam- 
plement of Chlumdomonas, human, snd Arabi. 
dopsis. AS in Arabidopsis, Chlamydomonas ss 
large faumilies of kinases and cytochrome P-450s, but 
the langest one i the clas Ill guanylyl and adenylyl 
‘yelase family. With $1 members, the Channon 
‘onas family is lger than that in any eaber gana 
(8), Although these eyelases are not found in plans, 
in animals they catalyze the synthesis of CGMP and 
‘CAMP (/8), which serve as second messengers in 
‘various signal transduction pathways. Cyclic micleo- 
tides are critical for mating processes, as well as 
flagellar function and regulation in Ciamyedomonas 
(19-21), and may be vit fer acclimation «© chang- 
ing nutrient conditions (22, 25). Chlamydomonas 
also encodes diverse fanilies of proteins critical for 
nutrient acquisition (23, 4), 

Transporters. The transporter complement in 
Chlamydomonas suggests that it has retainod the 
diversity present inthe common plant-animal 
ancestor. Clamndomonas is predicted to have 486 
membrane transporters (figs. S22 and $23) (7) that 
fal ito the broad classes of 61 ion channels, 124 
primary (active) adenosine triphosphate (ATP) 
dependent transporters and 293 secondary tains 
‘porters; eight arc unclassified, The 694nember ATP- 
binding cassette (ABC) and 26-member Paype 
adenosine tiphosphatase (ATPase) fimilies ane 
large, as in Arabidopsis, and overall, the comple- 
‘mant of transporters in Chlamydomonas resembles 
that of both Ostreococeus spp. and land plants (ig. 
$22). Furthermore, a number of plant trnspeters 
not found in animals are encoded on the Chikum= 
domonas genome (ig. S22 and table $8). 

We also found copies of genes encoding 
animal-associated transporter classes, including 
some with activities related to flagellar function 
(€4, the voltage-gated ion channel superfamily) 
(25) (fig, $22 and table $8). A number of these 
transporters redistribute intracellular Ca? in 
response to environmental signals such as tight. 
‘Changing Ca” levels may modulate the activity 
of the flagella, which ane structures found in 
animals but notin vascular plants (see below). 

‘The Chiarmdomonas genome also encodes & 
diversity of substrte-specific transporters that are 
important for acclimation of the onganism to the 
fluctuating, offen nuutient-pocr, conditions of soll 
‘environments (24), Ofthe eight sulfite transporters, 
four ain the H”/SO,* family (chamctoristic ofthe 
plant lineage), three are in the Na’/SO,* family 
(not found in pants but present in opisthokonts), 
and one isa bacterial ABC-type SO," transporter 
(associated with the plastid envelope). The 12 
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‘member PIT phosphate transporter and 6-member 
KUP potassium channel families are lager than in 
other unicellular eukaryotes, and the former 
‘underwent a lineage-specific expansion. Chlamy- 
domonas bas 11 AMT ammonium transporters, 
‘which is only surpassed by the number in rice. 
Phylogenomics and the origins of Chlamydom- 
‘onas genes. To explore the evolutionary history of 
Chlamvdomonas, we initially compared the 
Chlamydomonas proteome to a representative ani- 
mal (human) and angiosperm (Arabidopsis) pro- 
teome (/). We ploted the best matches, calculated 
‘on the basis of BLASTP (Basic Local Alignment 
‘Search Too! for searching protein collections) scores, 
of every Chlamydomonas protein to the Arabi- 
dopsis and human proteomes (Fig. 44), Most 
Chlamydomonas pretcins exhibit slightly more sim 
ilarty to Arabidopsis than to hurtan prcteins. Many 
Chlmydomonas proteins with greater similarity 


Fig. 3. Linkage group | depicted as a long hori- 
zontal rod, wth genetically mapped scaffolds shown, 
5 open rectangles below (the scaffold number is 
‘under each scaffold, and arrows indicate the ori- 
entation of the scaffold where it & known; other 
scaffolds were placed in their most likely orientation 
‘onthe basis of genetic map distances. The scale of 
‘each map is determined by molecular lengths of 
the mapped scaffolds. Short and long red ticks are 
drawn on scaffolds every 0.2 Mb and 1.0 Mb, re- 
spectively. We assumed small SO kb gaps between 
scaffolds. Genetic distances between markers (cen- 
timorgans), where they are known, are shown by 
two-headed arrows above the scaffold, with the 
{gene symbol and any synonyms in parentheses shown 


to animal homologs are present in the flagellar and 
basal body proteomes (Fig. 4A and below). Thisis 
‘consistent with the maintenance of flagella and 
basal bodies as cilia and centrioles, respectively, in 
animals (8), and their loss in angiosperms. 

‘A mutual best-it analysis of Chlamydomonas 
proteins against proteins from organisms across the 
tee of life (/) identifed 6968 protein families of 
‘orthologs, co-orthologs (in the case of recent gene 
duplications) and paralogs (/). Of the Chlamydom- 
‘onas proteins, 2489 were homologous to proteins 
fom beth Arabidopsis and humans (Fig 4B). 
Chlamydomonas ax humans shared 706 protsin 
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in both Chlamydomonas and Arabidopsis (1968 
and 2396 proteins, respectively), but lack human 
homologs. Chlamydomonas proteins with homol- 
‘ogy to plant, but not animal, proteins were either () 
‘present in the common plant-animal ancestor and 
‘retained in Chlamydomonas and angiosperms, but 
lost or diverged in animals; (i) horizontally trans- 
femed ito Chlamydomonas, of (ii) arose in the 
plant lineage after divergence of animals (but before 
the divergence of Chlamydomonas). This set is 


The plastid and plant lineages. The plastids 
‘of green plants and red algae are primary plastids, 
i.e, direct descendants fiom the primary cyano- 
bacterial endosymbiont (27), Diatoms, brown 
algae, and chlorophyll a~ and o-containing algae 
are also photosynthetic, but their photosynthetic 
‘organelles were acquired via a secondary endo- 


it 


at the top. Genomic regions are labeled below the scaffolds: 5S, rDNA, mito (insertion of mitochondrial ONA). Chlamydomonas genes with homologs in other 
‘onganismstineages ("Cuts” as defined in the text and Fig. 5) are shown as tracks of vertical bars: light red, genes shared between Chlamydomonas ard humans, but 
‘not occurring in noncilated organisms; dark red, genes in GiaCut; ight green, genes shared between Chlamydomonas and Arabidapss, but not in nonphotosynthetic 
‘organisms; dark green, genes in GreenCut; magenta, predicted tRNAS, inchiding those that represent SINE sequences; dark blue, small nucleolar RNAS (snoRNAS) 


Table 1. Comparison of Chlamydomonas genome statistics to those of selected sequenced genomes. nd, Not determined. [Source for all but 


Chlamydomonas (2)] 

Chlamydomonas —_—Ostreocaccus_——Cyanidioschyzon Arabidopsis. = Human 

touri 

‘Assembly length (Mb) 2 126 165 140.2 2,851 
Coverage ax 6.1% 1x nd =x 
Chromosomes BU 20 20 5 23 
G4C %) 6 58 55 36 a 
G+C (%) coding sequence 68 59 57 44 52 
Gene number 15.43 8,166 5.331 26,341 -23,000 
Genes with EST support (%) 8 36 86 60 nd 
Gene density (per kb 0.25 0.688 03323 0.190 ~0,0008 
Average bp per gene 4312 nd 1553 2232 27,000 
‘Average bp per transcript 1580 1257 1552 nd nd 
‘Average number of amino acids per polypeptide aaa 387 518 413 491 
‘Average number of exons per gene 833 157 11.005 52 88 
‘Average exon length 190 750 1540 251 282 
Genes with introns (%) 2 39 os 79 at 
‘Mean length of intron 373 103 248 164 3,365 
Coding sequence (%6) 167 816 449 33.0 1 
‘Number of rDNA units (28S/18S/5.85 + 55) 343 444 343t 12+ 700 S4nd 
‘Number tRNAS 2595 nd 30 589 497 
Selenocysteine (Sec) tRNAS 1 nd nd o 1 


= National Center fr Biotechnology information (NI NCBI 34 om Ensembl bald 38. fiSouce GAL Tee regions contain SS rDNA excasvely, and hee regions contain 28SB5- 


‘5.5 FDNAS exclusively. 
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1465 tRNAS that weve lacided in SINE elements weve removed from the RNA-canSE precicons, 
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symbiosis (28, 29). Because of shared ancestry, metabolic processes (table SII and table SA) 
rnucleus-encoded plastidlocalized proteins derived Although lightharvesting chlorophy/l-binding pro- 
fiom the cyanobacterial endosymbiont are closely teins are poor represented (/), we identified spe- 
related to each other and to cyanobacterial proteins. calized chlomophyil-binding proteins, as well as a 

We searched the 6968 families that contain photosynthesis-specific kinase, involved in state 
Chlamydomonas proteins for those that also transitions. Numerous GreenCut entries are enzymes 
contained proteins from Osirescoccus, Arabidopsis of plastid-localized metabolic pathways (lipid, amino 
‘and mass, but that did not contain proteins from acid, starch, nucleotide, and pigment biosynthesis) 
‘nonphotosynthetic organisms, The search identified or are unique to plants or highly divergent from 
349 fumilies, which we named the GreenCut (Fig. animal counterparts. Although tRNA synthetases 
SA, table $10 and table SA); each of hese families are conserved between kingsloms, those in the 
has a single Chlamydomonas protein. On the busis GreenCut represent onganellar isofoems that are 
‘of manual curation of GreenCut proteins of known offen targeted to beth plastids and mitochondria in 
function (7) (able $11), we estinated ~5 to 8% fise- plants (32). GreenCut proteins that do not fimction. 
positives and ~14% falsenegatives (7). By compar- in the plastids tend to be green lineage-specific 
ing GreenCut proteins to those of the red alga or highly diverged from animal counterparts. For 
Ganidioscinzon merolae, which diverged before the example, the Chlamydomonas GreenCut protein 
split of green algae fiom land plants (Fig. 2. we TOM20 (J), an outer mitochondrial membrane 
identified the subset of proteins present across tht receptor involved in protcin import, evolved con 


plant kingdom; we named this subset the PlantCut 
(Fig, 5A, table S10 and table SA). GreenCue protein 
families that also incl representatives foe the 
ditoms Thalassiosra psewlonana (30) oF Phaco- 
dactylum tricornutum (31) were placed in the 
DiatomCut (Fig, 5A and table $10 and table SA). 
Given the phylogenetic position of diatoms and their 
secondary endlosymbieniv<erived plastids, we hy- 


vergenty from a different ancestral protein in plans 
than in fungi and animals (33). 

Of the 214 proteins in the GreonCut without 
Jnown function, 101 have no motifs or homologies 
ffom which fiction can be infémed, and we can 
predict only a general function for the others (table 
S12). Given that 85% of the known proteins in the 
GreenCut are localized to chlorcplasts (table $13), 


pothesize that protein families present in both the we pradict that the set of unknowns contains many 
PlantCut and DistomCut should contain only those novel, conserved proteins that function in chloroplast 
GreenCut proteins associated with plastid function. metabolism and regulation. 
‘This subset is refemed toas the PlastidCut (Fig. SA). The most reducing and oxidizing biological 
The GreenCut contains proteins of the photo- molecules are generated in chloroplasts via the 
synthetic apparatus, including those involved in activity of photosystem I and photosystem Il, 
plaid and thylakoid membrane biogenesis, photo- respectively. The flow of electrons through the 
synthetic electron tringport, carbon fixation, anti- photosystem causes damage to cellular constit- 
oxidant generation, and a range of ther primary ents as a consequence of the accumulation of 


Fig. 4. (A) Scatter plot of 


reactive oxygen species. Therefore, regulation of 
‘these molecules is important. Accordingly, plastids 
hhouse more redox regulators than do mitochon- 
ddr Thioredoxins are critical redox-state regu- 
lators, and we identified novel thioredoxins in the 
GreenCut (table S12). These novel thioredoxins 
‘haye noncanonical active sites or are fused to 
domains of infemed function (eg., a vitamin K- 
binding domain) in plastid metabolism (fig. S1). 
‘These findings reveal the potential for identifying 
unique redox signaling pathways with selectivity 
‘and midpoint potentials associated with specific 
thioredoxin redox sensors (/). 

‘Chlamydomonas has a structure called. the 
eyespot (Fig, 1) which can sense light and trigger 
Phototactic responses, The eyespot is composed 
‘of several layers of pigment granules, similar to 
plastoglobules in plants, and thylakoid mem- 
‘brane, which are direetly apposed to the chloro- 
plast envelope and a region of the plasma 
membrane camying shodopsin-fumily photo- 
receptors. The pigment granules oF plastoglobules 
‘contain many protsins with unknown function, 
many of which are present in the GroenCut, and are 
likely cftical w plastid metabolism; these include 
SOUL domain, AKC (sce below), and PLAP 
{plastid and lipid-associated protein) protein fame 
ilies (34-36), SOUL domain proteins of the 
GreenCut (SOULA and SOULS) have homologs 
inthe Arabidopnis plastoglobule proteome (34, 33), 
‘and at least one (SOUL3) is associated with the 
‘eyespot. The SOUL domain, originally identified in 
‘reins encoded by highly expressed genes in the 
‘retina and pineal gland, can bind heme (37, 38). 
‘This domain may be important as a heme carrier 
andor in maintaining heme ina bound, non 


best BLASTP hit score of 
Chlamydomonas proteins to 
Arabidopsis proteins versus 
best BLASTP hit score of 
Chlamydomonas proteins to 
‘human proteins. Functional 
‘or genomic groupings are 
colored (see inset hey in (A): 
Chlamydomonas flagellar 
proteome (42) high con- 
fidence set (chlamyFPhe); 
iliaCut; Arabidopsis stroma 
plastid proteome (sromaPP), 
Arabidopsis thylakoid plastid 
proteome (thylakoidPP); 
‘eyespat proteome; GreenCut 
‘emaining proteins are gray. 
(B) CHlamydomonas. protein 
pparalogs were grouped into 
families together with their 
‘homologs from human and 


Arabidopsis. The outer circle 
tepresents the proteins in 
Chlamydomonas, 7476 (out 
(of 15,143 total, that fll into 


(6968 families. Another 7937 proteins cannot be placed in families. Counts of and Chlamydomonas and human and Arabidopsis, are shown in the inner drcles 


families (and the numbers of proteins from each species in them) with proteins 
{rom Cfiamydomanas and human only, Chlamydomonas and Arabidopsis only, 


248 


and the overlap between the two inner circles, respectively. Cre, Chlamydomonas; 
Hsa, human; Ath, Arabidopsis. 
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pphototoxic form until it associates with proteins oF 
‘may function in signaling circadian cues 

‘We also identified plantspecific AKCs (ABC1 
kkinase in the chlowplast, AKCI t 4 in the 
GreenCut), one of which (designated EYES) is e- 
<uied for eyespot assembly (39). These AKCs are 
distinct from the mitochondrial ABC kinase that 
‘regulates ubiquinone production (40). Protein phos- 
phatases present in the GreenCu and plastoglebules 
‘may tum off Signaling initiated by the AKC 

‘The PLAPS (PLAPI 104 in the GrenCut, sso 
called plastoglobuiins, are also associated with the 
eyespot or plastoglobule, These proteins were orig- 
inally identified by their abundance in carotenoid 
rich fibrils and chromoplast plastoglobules and 
‘may be structural or organizational components of 
{his plastid subcompartment. Other Green pro- 
twins associated with plastoglobules (34, 36) in- 
clude shortchain dehydrogenases, an aldo-keto 
isomerase, various methylirinsferases with un- 
specified substrates, esteses and lipases, and a 
protein with a pantothenate kinase motit 

In sum, the eyespot or plastoglobules contain 
proteins tht likely fnetion in the synthess, deg 
radation, tracking, and integration of pigments 
«an lipophilic cofactors into the metabolic mchin- 
cry of the cell and, most notably, into the photo- 
synthetic apparatus, where they arc in high demand. 
‘The numerous proteins in the GreenCut associated 
‘with the eyespot/plastogiobules may reflect the 
diverse repertoire of compounds, such as quinones, 
tocopherols, carotenoids, an! tetrapyrroles (fig. 
‘S1B), required by photosynthetic organisms. 

‘The 90 proteins in the PlastitCut (Fig. SA) are 
likely o function in basi plastid processes because 


Fig. 5. Summary of genomic comparisons to pho- 
tosynthetic and ciated organisms. (A) GreenCut: 
The GreenCut comprises 349 Chlamydomonas pro- 
teins with homologs in representatives of the green 
lineage of the Plantae (Chlamydomonas, Physcomi- 
trlla, and Ostreococcus tauri and 0, lucimearinus), 
but not in nonphotosynthetic organisms. Genes en- 
coding proteins of unknown function that were not 
previously annotated were given names on the basis 
of their occurrence in various cuts. CGL refers to 
conserved only in the green lineage. The GreenCut 
protein families, which aso induce members from the 
ted alga Cyonidioschyzon within the Plantae, were 
assigned to the PlantCut (bue plus green rectangles). 
CCPL refers to conserved in the Plantae. GreenCut 
proteins also present in at least one diatom 
(Mholessiosira and Phacodactylum) were assigned 
to the DiatomCut (yellow plus green rectangle). 
CGLO refers to conserved in the green lineage and 
diatoms. Proteins present in all of the eukaryotic 
plastid-containing organisms in this analysis were 
assigned to the lastidCut (green rectangle). CPLD 
tefers to conserved in the Plantae and diatoms. The 
criteria used for the groupings associated with the 


they are conserved in all pasid-contaning eukary- 
‘es, Sixty-one of these have unknown functions, 
with genes for most (except CPLD6 and CPLD29) 
expressed in chloroplast-containing cells, as assed 
from EST representation in Chlangedomenas and 
Physcomitrela, For Arabidopsis homologs, expres- 
sion (41) indicates thatthe genes represeted in the 
PlastidCu tend to be expressed in eaves orall tissue, 
similar to genes that function in photosynthesis ar 
Primary chloroplast metabotism. Greater than 70% 
of previously unknown PlastidCut proteins have 
omologsin cyanobacteria, which suggest a critical, 
‘conserved, phstid-associaed finction. 

Flagellar and basal body gene complement. 
Chlamydomonas wses a pair of anterior Bagels 
swim and sense enviroomentil conditions (Fig. 1) 
Each flagellum is rooted in a basal body, which also 
functions as a centrok: during cell divison. The 
flagellar axoneme has the nine outer doublet mi- 
crotubules plus @ central pair (9*2) (Fig. 1) char- 
acteristic of motie cia (iia and eukaryotic flagella 
‘re essentially identical organelles) In addition to 
motile cilia, animals contain nonmatile cilia that 
finction as a sensory onganclle and typically lack 
‘cuter and inner dynicin arms, radial spokes, and 
central microtubules (Fig. 1), all of which are in- 
vohed in the generation and regulation of motility. 
Both types of cilia have sensory fincticns and shan: 
‘conserved sensing and signaling camponents, 

The loss of flagella in angiosperms, most 
fngi, and slime molds allowed us to identify 
ciliaspecific genes through searches for proteins 
retained only in flagellate organisms (8, 26). We 
searched the 6968 Chlamydomonas protein fam 
ilies (see above) for those that also contained 
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proteins from human and a Pitophihora spp., 
but not from aciliates, and identified 186 protein 
families that we named the CiliaCut; these fam- 
ilies contain 195 Chlamydomonas (Fig. SB and 
table SB) and 194 human proteins. One hundred 
and sixteen of the Ciilamydomonas proteins hal 
‘been computationally identified (8, 26), and 43 
\were identified in this study (J), 

The Chlandomonas CiliaCut proteins of 
unknown function that are missing from Cacno- 
‘rhabdits, which bas only nonmatile sensory cilia 
(26), were designated MOT (motile flagella), where 
as proteins of unknown function share with Caeno- 
‘habs were designated SSA (sensory, structural 
‘and assembly) (Fig, SB), Thirty-five percent of 
CiliaCut proteins are in the Chlamydomonas 
flagellar proteome (42), douible the number known 
fram previous studies, and 27 of 101 previously 
identified gellar proteins (42) are present in the 
CiliaCut, The CitiaCut contained &-tubulin, which 
is required for basal body assembly (43), and a 
previously undescribed dynein light chain, Some 
flagellar proteins were not found by this analysis 
because they have orthologs in plans and fungi, 
wheres others are absent because they kick human 
‘onhologs. Most dynein heavy chains are missing, 
mod likely due tothe difficulty of identifying mam 
bas of large gone families with a mutual best 
approach (0) 

‘We manually curated 125 CiliaCut proteins 
(fig. S24) and identified lange subsets as fla- 
gellar structural components (16%), mediating 
protein-protein interactions (26%), signaling 
(11%), GTP-binding (6%) and trafficking (6%). 
These results are consistent with proteomic 
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GreenCut are given in the lower table. (B)CiliCut The GiaCut contains 195 Chlamydomonas proteins with homologs in human and species of Phytophthora, but 
‘not in nonciiated organisms. This group was subdivided on the basis of whether or not a homolog was present in Caenorhabditis, which has only nonmotile 
sensory cilia. The 133 GiiaCut proteins without homologs in Caenorhabditis were designated the MotileCut (orange rectangle). Unnamed proteins in this group 
were named MOT (motility). Proteins with homologs in Caenorhabdits are associated with nonmotie cia (white and yellow areas) Proteins inthis group that were 
not already named were named SSA. The CentricCut (yellow plus Eight orange box) is made up of 69 GliaCut homologs present in the centric diatom Tholassosia, 
These proteins can be divided into those ako in the MotleCut (38 proteins; ight orange bax) or those not present in the MotileCut (2. proteins; yelow box). 


eww. sciencemag.org_ 


SCIENCE VOL 318 


12 OCTOBER 2007 


| RESEARCH ARTICLE 


analysis of the flagellum (42) and highlight the 
importance of signaling even in motile flagella. 

‘The 62 CiliaCut proteins that Chlamydomonas 
shares with Caenorhabditis are predicted to have 
strctural, sensory, or assembly roles in the cium. 
‘Asexpected, the 133 CiliaCu proteins missing fram 
Caenorhabditis (Fig. SB) (J), designated the 
MotileCut, include @ number of proteins associated 
‘with motility 42) (able S14). This dataset also con- 
{uins 31 proteins of unknown function found in the 
flagellar and basal body protcomes, 36 known but 
luncharaderized proteins, and 55 novel proteins 
(designated MOT] to MOTSS); these flagellar 
proteins ane all predicted to be involved specifi 
cally in motility, 

‘A comparison of Cilia ut protsins with proteins 
‘encoded by the Piyscomitrella genome indi- 
cates that Pfyscomiella has lost five ofthe outer 
«dynein arm proteins (Fig. 1, ible S14). However, 
Physcomitrella contains inner dynein arm subunits 
IDA4 and! DHC2, as well as subunits ofthe central 
microtubules, the radial spokes, and the dynein eg- 
‘ultory complex (tible S14). From this we conclude 
that Piyscominella spam flagella have a “92” 
axoneme contiining inner dynin ams, certral 
‘microtubules, and radial spokes, but lack the 
‘ower dynein arms, Although the structure of the 
Physcomitrella sperm flagellum is not known, 
sperm flagella of the bryalean moss Aulacomnivon 
‘palustre have just such an axoneme (44). 

In contrast, the motile flagella of centric 
diatoms lack the central pair of microtubules 
(45, 46). Onhologs of 69 of te 195 CiliaCut pro- 
{eins (named CentricCut, Fig, 3B) were predicted to 
‘be present in the centric diatom Thalassiosira. As 
expected, Thalassiosira lacks all central pair 
proteins. However, it also lacks all radial spoke 
and inner dynein arm proteins, but has most of the 
‘outer dynein arm proteins. The contrasting 
pattems of loss of axonemal structures predicted 
for Plyscomitrella and Thalassiosira suggest that 
the central pair and radial spokes function as a 
‘unit with the inner arms, but are dispensable for 
the generation of motility by the outer ams. 

Inurafagelor transport (IFT), which is conserved 
in ciliated organisms except malaria parasites (47), is 
cssentil for flagellar growth (48). The IFT machin- 
ery consists of atleast 16 prcteins in two complexes 
(Aaand 8) that are moved in anterograde and retro- 
‘grade directions by the molecular motors kinesin-2 
and cytoplasmic dynein 1b, respectively (Fig. 1). 
Our analysis of Thalassiasira reveals that it has 
‘components ofthe anterograde motor and complex 
B, but has lost the rerograde motor and complex A 
(uble S14). This is intriguing, as retrograde IFT is 
essential for flagellar maintenance in CTkumddomo- 
nas (49) and is important for recycling IFT com- 
ponents (50). In addition, both Pinscomirella and 
Thalassiosira have: lost the Barde-Bied! syndrome 
(BBS) genes. BBS gene products ae associated with 
the basal body in Chlamydomonas and mamraals 
(8, 31) and sensory cilia in Caenorhabditis (52), 
‘where they may be involved in IFT (53). 

We searched the CiiaCut protsins for protcins 
shared with Oxreacoccus spp. a green alga lacking a 


flagalite stige. The Osteococais spp. retin 46 
(2496) of the 195 CiliaCut protins but, consistent 
with loss of the flagellum, are missing genes 
encoding the IFTpanicle proteins and motors, the 
inner and outer dynein arm proteins the rial spoke 
and central pair protins, and 32 out of 39 flagcla- 
associated proteins (FAPS) (able S14), They have 
also lost many genes enending basal body proteins, 
including all BBS protins (table S14), which sug- 
556 that Oxtreocoeexs also lack basal bodies. How- 
ever, Oxtreacaceus spp. have retined many other 
GiiaCua prowsins (nble S14), which suggests either 
that they recontly lost their flagella, or that they 
retained flagellar proteins for ether celular functions. 

Conclusions. This analysis of the Chlamy= 
‘domonas genome sheds light on the nature of the 
Jest common ancestor of plants and animals and 
identifies many ciia- and plastidelated genes. The 
gene complemant also provides insights into fein 
the soil environment where extreme competition far 
nutvients Ekely drove expansion of transporter gene 
families, as well as sensory flagellar and eyespot 
functions (eg, flitting nutrient acquistion and 
‘optimization of the light environmen). As more of 
the ecology and physiology of Chlamydomonas anc 
‘ther unicetula algas are explore, addtional direct 
links between gene cantent and fictions sociated 
with the soil lifestyle will be unmasked wih in- 
‘ereased potential for biotechnological exploita- 
tion of these functions. 
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Dislocation Avalanches, Strain 
Bursts, and the Problem of Plastic 
Forming at the Micrometer Scale 


Ferenc F. Csikor,”? Christian Motz,” Daniel Weygand,” Michael Zaiser,? Stefano Zapperi*** 
Under stress, many crystalline materials exhibit irreversible plastic deformation caused by the motion 


of lattice dislocations. In plastically deformed microcrystals, internal dislocation avalanches lead to jumps 


in the stress-strain curves (strain bursts), whereas in macroscopic samples plasticity appears as a smooth 
process. By combining three-dimensional simulations of the dynamics of interacting dislocations with 

statistical analysis of the corresponding deformation behavior, we determined the distribution of strain 
changes during dislocation avalanches and established its dependence on microcrystal siz. Our results 


suggest that for sample dimensions on the micrometer and submicrometer scale, large strain fluctuations 


‘may make it dificult to control the resulting shape in a plastic-forming process. 


accumulated that indicates that plastic flow 


| recent years, experimental evidence has 
at least on the micrometer scale~ 
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‘characterized by intermittent strain bursts with 


seale-five (i.e, power-law) size distributions (J-8). 


‘The phenomenology of these strin bursts close- 
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ly resembles that of macroscopic plastic insta- 
bilities: Stressstrain curves are characterized by 
serrated yielding under displacement contro! and 
assume a staircase shape under conditions of 
‘stress control. Temporal intermittency is associ- 
‘ated with spatial localization because each strain 
‘burst corresponds to the formation of a narrow 
slip line or slip band (9). On the macroscopic 
scale, spatiotemporal localization of plastic defor- 
mation associated with plastic instabilities is 
well known to have a detrimental effect on form 
ability, A classic example i the strain bursts 
discovered by Ponevin and le Chatelier (PLC 
effect), which arise from the interaction between 
dislocations and diffusing solutes (70). The PLC 
cefeet limits the applicability of many alumi 
‘num alloys in sheet metal-forming processes, 
‘but only arises under specific deformation con- 
tions. Thus, the instability can be circum 
vented by appropriately choosing the process 
path, avoiding those temperature and strain rate 
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regimes in which the dislocation and solute 
velocities are of the same order of magnitude. 

Here, we demonstrate that the burstike de- 
formation of microcrystals represents a much 
‘more fundamental instability of plastic flow that 
‘could cause intrinsic problems in the plastic form- 
ing of micrometer-size crystals. Strain bursts in 
‘microcrystals arise fiom the collective, avalanche- 
like motion of dislocations, The constraints to their 
‘motion imposed by the crystal lattice structure 
give dislocations the ability to mutually tap each 
‘other into jammed configurations. The long-range 
‘mutual interactions between dislocations make the 
destniction of such jammed configurations a col- 
lective, avalanche-like process. Because their oc- 
‘currence depends only on the most basic Features 
of dislocation plasticity, dislocation avalanches are a 
‘universal feature that does not depend on specific 
‘materials properties and cannot be avoided by ad- 
justing the deformation path as in the PLC effect. 
‘Similar © other crackling noise phenomena (J/) 
‘observed in driven systems, such asthe Barkhusen 
noise emitted along the hysteresis loop in ferro- 
‘magnets (/2) oF ferroelectrics (13), the acoustic 
‘emission during fracture (14, 15), oF the seismic 
activity during earthquakes, dislocation avalanches 
‘are characterized by matcrial-independent power- 
law size distributions. Although the existence of 
intermittent plastic strain bursts has been known 
for many years (6-18), a statistical characteriza- 
tion was performed only recently by acoustic 
éemission (AE) experiments in singe slip deforma- 
tion of hexagonal ice (3) of hexagonal close- 
packed metals (8), as well as by direct observation 
‘of strain bursts during deformation of micropillrs 
(2). AE. experiments, in particular, record the 
acoustic energy released during a burst and find 
‘power-hnw distributions of AE energies that do not 
exhibit any apparent cutoff (3-6). These obser- 
‘vations raise several intriguing questions: What are 
the minimum “ingredients” required to produce 
dislocation avalanches, and are the avalanche 
properties tuly universal? IF there is no intrinsic 
mit 10 the magnitude of dislocation avalanches, 
why do we not see them in deformation curves of 
‘macroscopic samples? Or, if there is an intrinsic 
limit, why do we not see such a limit in AE mea- 
surements an macroscopic samples? 

To resolve these issues, we investigate the 
dynamic behavior of dislocation systems un- 
det various loading conditions. To this end, we 
simulate the deformation of monocrystalline 
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specimens using three-dimensional discrete dis- 
location dynamics. The madel, described in detail 
in (19), considers an assembly of dislocation lines 
in a block made of a face-centered cubic metal 
(we tse materials parmctrs of AD). Most of cur 


either by controlling the axial displacement of the 
top face of the cube (displacement conti) or by 
slowly increasing the total farce acting on the top 
face (lond control) (20, 2). In addition, we sim 
tubte the compression of bicrystals and muki- 
‘rystals of various sizes, as well asthe bending of 
«monocrystalline beam (aspect ratio 3:1:1) that is 
‘cantilevered in a cube orientation and deformed by 
imposing a dowmwan! displacement on its free 
end. In the compression simulations, we record the 
plastic stain eas well asthe average stress (Force 
Per unit area acting on the top surfice of the block). 
In the case of bending. we record the maximum 
bending stress and surface strain, from which we 
deduce a “plastic” bending strain by subtracting 
the surface stain of « purely elastic beam under 
the same bending moment. 

An example of a typical stress-strain curve 
recarded in a load-controled compression test is 
shown in Fig. 1. The staircase character of the ro- 
sponse is very similar to that of the experimental 
‘observations in micrometer-sized samples (2), 
By differentiating the plastic strain versus time 
signal, we obtain the strain rate shown in the inset 
of Fg. |. This is a typical example of a crackling 
noise signal, consisting of intermittent burs with 
Widely fluctuating amplitides (//), These bursts 
arise from the propagation of diocation avalanches 
within the sample. Dislocation activity during an 
avalanche is usually dominated by a single-lip 
system, ves midon oceans, 
fn symmetrical multiple slip. Consequently, the 
avalanches exhibit a characteristic lamellar shape, 
as shown in Fig. 2. 

To analyze the crackling noise signal, we fist 
threshold it to eliminate effgcts coming from ri 
‘merical noise, and then identify well-defined pulses. 
The area s under each pulse is equivalent to the 
plastic strain increment produced by a dislocation 
avalanche (the avalanche strain) In analogy with 


‘experimental measurements that we multiple sam- 
piles, we determine avalanche strain distributions 
PG) from mnitiple simulations with different, but 
statistically equivalent, initial configurations. Ava- 
Janches in bending defomation are analyzed in an 
analogous manner by considering the evolution of 
the plastic bending strain. In cither case, the ave 
Janche strain distributions have the general form 


PS) = CS explsisur"] (0) 


‘where Cis a nonalization constant, + is scaling 
‘expanent, and so is the characteristic strain of the 
langest avalanches. 

To test the robustness of Eq. 1 in various 
physical situations, we compare distributions of 
avalanche stmins for compression simulations per 
formed in load control and displacement control, 
with and without activation of eros slip, in single 
stip and in multiple stip conditions. The avalanche 
strain distributions are essentially insensitive to 
the slip geometry and to the presence or absence 
‘of cross slip (Fig. 3 and figs. SI and $2). In 
either case, the distributions can be described 
bby Eq, 1 with t= 1S. The same is true for the 
‘bending simulations. A very similar exponent was 
also reported in the experiment (2), In addition, 
the mean-field value t~ 3/2 was predicted to hold 
for single-tip conditions in general by the theory 
of the dislocation yielding transition (22, 23), Our 
simulations demonstrate that the universality of 
the exponent extends also to multipleslip condi- 
tions and to deformation modes such as bending, 
which impose strain gradients on the simple 
seale. The last finding is particularly interesting 
because it demonstrates thot the accumulation of 
“geometrically necessary” excess dislocations that 
is characteristic of inhomogencous deformation 
‘processes does not change the statistical character 
istics of dislocation avalanches. 

‘To lucidate the physical origin of the cut 
we consider the proposition (22, 23) that during 
the progress ofan avalanche, two processes reduce 
the effective stress acting upon the dislocations: (i) 
Because of intrinsic hardening with strain harden 
ing coeticient ©, a higher driving stress is needed 
to aistain the avalanche: and (i) in case of 


Fig. 1. A typical stress- 
strain curve obtained from 
simulation of the three 
dimensional dislocation 
‘dynamics model in a load- 
controlled test in. multiple 
stip conditions. (Inset) 
The strain-rate signal dis- 
plays the characteristics 
typical of cracking noise: 
bursts of activity of widely 
distributed amplitudes 
followed by more quies- 
cent periods. 
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displacement-conttolled deformation, the driving 
stress decreases due 10 relaxation of the elastic 
stmin, The total effective-stress drop caused by 
an avalanche of stain s is (© + Ts, where Tis 
the effective stifness of the specimen-machine 
system (for a cubic compression specimen with 
rigid boundaries, F equals the elastic modulus E). 
This stress drop terminates the largest avalanches 
‘and, accordingly, we expect the cut-off 1 scale in 
invase proportion with (© +I). A second scaling 
property can be motivated as follows: Lane dis- 
location avalanches extend along a lamellar region 
aemss an entie specimen cross section. The total 
strain produced by such a “system-spanning” ava- 
lanche is proportional w the dislocation Burgers 
vector modulus b and inversely proportional to the 
characteristic specimen size L, Combining these 
relations, we find that (See abo (19, 24)] 


Fig. 2. Progress of a large 
dislocation avalanche in 
{020} symmetrical multi 
ple slip for a specimen 
of size L = 0.5 jum. The 
graph shows an overlay 
of snapshots from every 
10th global. simulation 
timestep during a strain 
burst event: Red, green, 
blue, and cyan denote 
locations on the four (111) 
‘ets of crystal planes; yel- 
low represents immobile 
omer los created through 
dislocation reactions. Sever- 
al geometrically separated 
dislocations become un- 
pinned during the same 
event, which demonstrates, 
the importance of long- 
range elastic interactions 
in strain burst initiation, 


bE 
Sc 
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To verify the vality of this scaling ration, we 
performed simulations of different system sizes in 
<splacement control with a rigid constraint As seen 
in Fig. 3, avalinche stain disrbutions obtained 
fom specimens of different sizes fill an tp of cach 
‘other after rescaling s—+ $= sL(T + VBE with 
T = E and © deduced from the simulsted stress 
strain curves (fig. $3). The same is true for the 
distribution we obtained under load canto where 
T = 0, and we rescale by using the hardening co- 
efficient © alone. The avalanche stain distributions 
‘btained from our microbending simulations fol- 
low the same universal scaling curve if we identify 
L with the length of the bending beam and note 
that these simulations use displacement cant 


2) 


The avalanche has a strongly anisotropic shape with more than 60% of the deformation occurring on 
‘one of the four equivalent sets of stip planes. Although a part of the deformation is taking place outside 


a single slip plane, the 


istical analysis of the avalanche distribution suggests that the fractal 


dimension of the avalanches is clase to two, indicating an effective lamellar shape. 


Fig. 3. Scaling collapse of 
avalanche size distributions, 
‘Open data points: data ob- 
tained from simulations of 
systems of different sizes 
in load and displacement 
control, Scaling parame- 
tes b = 28 x 10 m 
(a); T = £ © = Eno 
(displacement-controlled 
tensionkompression and 
bending); F = 0, © = £10 
Woad-controlled tension’ 
compression), Full data 
points: experimental data 
of Dimiduk et al. (2); 
scaling parameters: b 

25x10 m (Ni, =0, 
© = £/1000 (load- 


S=sL(T-0Y(ED) 


controlled compression). Full line: scaling function P(S) = $* exp-s/0.6)"]. 
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itis instructive to apply the scaling (2) to the 
‘experimental data of (2) (solid circles in Fig, 3). In 
these experiment, the distibution of elongati 
increments x = sL was determined during defor 
‘mation in load contol. Rescaling the experimental 
data point by sating $= x@bE and using a har 
ening coefficient © ~ £1000 as deduced from 
the stress-strain curves in (2), we find that the 
scaled experimental data and simulation results are 
described by a single, universal scaling function, 
AAS) S™ expl-{80.6)} In ation, the present 
theory can quantitatively explin high-esolution 
‘irsin measurements that recorded strin bursts 
during stress-contolled torsion of tubular macro- 
scopic simples of zine, oriented for basal lip (/6), 
Using the experimental parameters of (16), we 
estimates = 2 * 10”, in agreement with the size 
‘of the largest stain jump reported in (16) 

Our simulations demonstrate that intermitent 
dislocation avalanches are an intrinsic feature of 
‘enatal plasticity with properties that do not depend 
‘onthe slip geometry, deformation mode, or details 
of the dynamical properties of dislocations, The 
avalanches are statically characterized by a uni- 
versal probability distibution whose chanictrsic 
parameter sy is detemnined by the specimen si 
the hardening capocity of the mara, and the 
sponse of the deformation “machine” 10 an avae 
lanche, But what are the implications of these 
findings for deformation processes on the micro- 
meter scale? To clucidate this aspoct, we performed 
stochastic simulations of the bending of a long 
thin rod subjected to a bending moment that is 
‘constant along its Ingth, The basi idea of these 
simulations (79) is that a long thin rod can be 
‘considered asa chain of segments that are similar 
to those we have simulated by discrete dshocati 
dynamics, and that behave in a statistically indes 
pendent manner: The appli bending. moment is 
increased uni the total bending angle exceeds 2n, 
when the od should assume an annular shape. AS 
consequence of the stochastic and intermittent 
nature ofthe deformation process, the deformation 
behavior ofthe individual segments can, however, 
no longer be predicted in a deterministic snse. AS 
the maximum avalanche strain increases with de- 
‘creasing system size, the stochastic heerogencity of 
deformation becomes mere and mere pronounced. 
This leads to imeguiar shape distortions, as shown 
in Fig 4 Inthe limit of very thin sods (ilurated 
bby the botorn right shape in Fig. 4), the stochastic 
hatemgencity does net increase frther: In very 
‘small specimens the last strain burs that occur 
before the simulation is temninated remain below 
the intinsic cutoffs ofthe probability distibution, 

Our findings demonsrate that it may be dif 
ful, on the micrometer and submicrometer scale, 
to control the results of plasc-foming processes. 
Note, however, hat micramsterscale components 
such as bonding wires that ae proceed through 
Plastic forming are polycrystals. We have studied 
the influence of grain boundaries on the propaga 
tion of dislocation avalanches by simulating bi- 
‘eystalline and multicrystalline samples (19). The 
ress suggest that in polyerystals, grain bounda- 
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Fig. 4. Shapes of rods (aspect ratio 1:50) after simulated bending; rod thickness ¢ from top left to 
bottom right: f= 100 im, ¢ = 10 jm, t = 1 im, t = 0.1 ym; b = 2.8 x 10" m, © = £/1000; the color 
code indicates the local bending angle over a segment of length f. in the last rod, the maximum 


avalanche size occurring in the simulations falls below the intrinsic cut-off of the distribution. 


ries hinder avalanche propagation (fig. $#), and 
thus the size of rain bursts is reduced by a factor 
‘of G/L), where & is the grain size (see (19) for a 
more detailed discussion), Accordingly, formabilty 
may be ensured even on the submicrometer scale if 
4 conesponingly small grin size can be main 
twined thrighout the processing. 

Our results demonsinue the universality of ava- 
lanche behave in plasticity and elucidue the cro 
‘over between intemitentanx! smooth plastic flow. 
‘That avalanche stins decrease in inven propertion 
{o sample size exphins why it is dificult w observe 
stmin bursts in macroscopic samples. In AE mea- 
surements, by contrast, the acoustic energy is 
recorded. The acoustic energy release during a dis- 
location avalanche may be assumed to be propar- 
tional to the dissipated energy e, which is related to 
thestmin s by e= asF; where a isthe stress and Vis 
the volume. Hence, the cult of the AE nemy 
distribution is expected to inorease with sample size 
8 ¢» © L2. This explains why acoustic emission 
avalanches are observed in macroscopic single 
crystals, whereas strain avalanches ant not 

The picture that ememges from our analysis 
indicates that, even though the phenomenology of 
plastic deformation changes markedly with decreas 
ing sample size, the fundamental physical processes 
are the same in macroscopic ark! micrometer-scale 
specimens. Dislocation avalanches on all scales 
arise from the mast basic features of dislocation 
‘motion and can be described by a generic sta- 
tistical distribution. In single crystals, the largest 
dislocation avalanches extend across an enti 
‘er0ss section of the specimen: Their extension is 
limited only by the sample size, and the stochastic 
nature of their occurence may make it impossible 
to control the shapes resulting from a deformation 
process. In polyerystals, by contrast, dislocation 
avalanches are limited by grain boundaries. This 
‘may lead to an appreciable smoothing of defor- 
‘mation and improve the controllability of de- 
formation processes. 
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Polymers with Cavities Tuned for 
Fast Selective Transport of 
Small Molecules and lons 
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Stephen T. Mudie,’ Elizabeth Van Wagner,” Benny D. Freeman,” David J. Cookson* 


‘Within a polymer film, free-volume elements such as pores and channels typically have a wide range of 
sizes and topologies. This broad range of free-volume element sizes compromises a polymer's ability to 
perform molecular separations. We demonstrated free-volume structures in dense vitreous polymers 
that enable outstanding molecular and ionic transport and separation performance that surpasses the 
limits of conventional polymers. The unusual microstructure in these materials can be systematically 
tailored by thermally driven segment rearrangement. Free-volume topologies can be tailored by 
controlling the degree of rearrangement, flexibility of the original chain, and judicious inclusion of 
small templating molecules. This rational tailoring of free-volume element architecture provides a route 
for preparing high-performance polymers for molecularscale separations. 


‘mall-molecule and ion diffusion through or nanascopic phenomenon, It has important im 


cavities (Le. fee-volume elements) in soft plications for membrane separation processes in 
organic materials isan inherently subnano- chemicals production as well as energy conver- 
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sion and storage applications [e.g., pharmaceu- 
tical separations (/), organic batteries (2), fuel 
cells (3), and gas separition (4)). Transport of 
small gas molecules through polymers occurs 
by diffusion through transient free-volume ele- 
‘ments oF cavities formed by random, thermally 
stimulated motion of the flexible organic chains. 
Unlike pore sizes and shapes in rigid micro- 
porous inorganic materials such as zeolites (5) 
and carbon molecular sieve materials (6), cavity 
sizes and shapes are not uniform in amorphous 
polymers, The cavity radius (7) of the most selec- 
tive polymers such as polyimides, polysulfones, 
and polycarbonates, as measured by positron an- 
nihilation lifetime spectroscopy (PALS), is 0.3 nm 
‘or less with a broad distribution of cavity sizes, 
and gas permeability is rather low (7). 

Conversely, the most permeable polymer, 
poly(|-trimethylsly|- -propyne) (PTMSP), exhib- 
its an approximately bimodal cavity size disti- 
‘bution centered at around r= 0.3 nm and r= 0.6 
10 0.7 nm (8). The high concentration of large 
cavities and the high connectivity among cavities 
results in very high permeability for a polymer, 
bbut its ability to separate small molecules 
(kinetic diameter <045 nm) is to0 low to be 
‘useful, and the large cavities collapse over time 
due to physical aging (8). Thus, among known 
polymers, free-volume element size and distr- 
bution play a key role in determining perme- 
ability and separation characteristics. However, 
the broad size range of tree-volume elements in 
such materials precludes the preparation of poly- 
mers having both high permeability and high 
selectivity. 

‘We demonstrate that polymers with an inter= 
mediate cavity size, a narrow cavity size disti- 
bution, and a shape reminiscent of bottlenecks 
connecting adjacent chambers, such as those 
found elegantly in nature in the for of ion chan- 
nels (9) and aquaporins (10), yield both high 
permeability and high selectivity. Central to our 
approach for preparing these intermediate-sized 
cavities is controlled free-volume element for- 
‘mation through spatial reamangement of the 
rigid polymer chain segments in the glassy 
phase. It is known that a rearrangement, such 
a intramolecular eyclization, in glassy polymers 
could lead to changes in polymer structure for 
‘gas transport (17), For this purpose, aromatic 
polymers interconnected With heterocyclic rings 
(eg., benzoxazole, benzithiazole, and benz- 
imidazole) are of interest because phenylene- 
heterocyclic ring units in such materials have a 
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ft, rigid-rod structure with high-torsional ener- 
gy barriers to rotation between two rings (12). 
The stiff, rigid ring units in such flat topologies 
pack efficiently, leaving very small penetrant- 
accessible free-volume elements. This tight 
packing is also promoted by intersegmental in- 
teractions such as charge-transfer complexes be- 
‘ween heteroatoms containing lone electron pairs 
(eg. O, $ and N) (13). The genesis of these 
materials was the demand for highly thermally 
and chemically stable polymers. However, their 
application as_gas separation membranes was 
frustrated by their lack of solubility in common 
solvents, which effectively prevents them from 
being prepared as thin membranes by solvent 
‘casting, which is the most widely practiced meth- 
cox for membrane preparation. 

We circumvented this fabrication challenge 
by using postfabrication polymer-modifying re- 
actions (/4, 15). Completely aromatic, insoluble, 
infusible polymers can be prepared from highly 
soluble precursors by irreversible molecular re- 
arrangement at about 350° to 450°C for aromatic 
polyimides containing ortho-positioned function- 
al groups (e.g, -OH and -SH) (Fig. 1). Two types 
of changes in chain structure occur during the 
reamangement that alter chain packing: (i) ran- 
‘dom chain conformations resulting from the for- 
‘mation of meta and para-linked chains (Fig. 1): 
and (i) relatively flexible, twisting pais of short 
fat planes (cand (3) that convert to single long 
ft planes (y) (Fig. 1B) that are much mone rigid 
than those of the parent moieties [e.g.. the tor- 
sional angle (92) of benzoxazole-phenylene ring 
is close to 0” at the energy-minimized state be- 
cause the coplanar confomiation is favored due 
to resonance stabilization), The use of stiff, rigid 
chain elements (eg.,. benzoxazole-phenylene 
ring or benzithiazole-phenylene ring) prevents 
large intrachain, indiscriminant torsional rota- 
tion, increases the efficiency of cavity forma- 
tion, and inhibits rapid collapse of the created 
cavities. These materials are thermally stable, 
and the structural rearrangements occurring dur- 
ing this process do not comespond to partial 


Fig. 1. Two major factors a 


chain rearrangement of 
polyimides containing 
ortho-positioned func- 
tional groups (X is O 
oF). Change of chain 
conformation—polymer 


REPORTS [ 


‘buming (or carbonization) of the underlying 
polymer structure, a process that has been used 
in other cases to enhance gas separation 
properties of polymers. 

If managed property, these changes in 
chain conformation and topology create well- 
‘connected, narrow size distribution free-volume 
cclements (i.c, cavities) appropriate for molec- 
ular separations. For example, PALS analysis 
‘of a precursor polymer (PIOFG-1, synthesized 
from 4,4'-{hexafluoroisopropylidene)-diph thalic 
anhydride (6FDA) and 2,2'-bis(3-amino-4- 
Ihydroxylpheny!) hexafluoropropane (bisAPAF) 
vvia thermal imidization up to 300°C} and its 
corresponding thermally rearranged samples 
fie, TR-1-350, TR-1-400, and TR-1-450, re- 
spectively) shows that the polymer undergoes 
microstructural change depending on the extent 
‘of rearrangement (/6). Thermal degradation of 
the polymer chains is not observed within the 
heat-treatment temperature ranges, based on re 
sults from thermogravimetric analysis coupled 
with mass spectroscopy (fig, S1A) and elemental 
‘analysis (lable $2), Spectroscopic analysis (ic, 
Fourier transfom-infrared) provides convincing 
evidence that the conversion from imide to 
benzoxazole is achieved (fig. S1B), 

Figure 2 shows that the cavity radius of 
PIOFG-1 polymer (which is centered at about 
0.28 nm and is very broad) increases to ~04 
fim, and the distribution of cavity sizes be- 
comes narrow as the thermal rearrangement 
temperature increases to 450°C. PALS analy- 
sis reveals an increase in o-positronium (o-Ps) 
lifetime as rearrangement temperature in- 
‘creases from 300° to 450°C. In general, longer 
‘o-Ps lifetime indicates larger cavity sizes (/7). 
The o-Ps intensity (%) increases by 700% as 
thermal rearrangement temperature is inereased 
to 400°C, but decreases above this temperature, 
‘Notably, despite increasing o-Ps lifetime, the 
reduction of o-Ps intensity in the sample treated 
‘at 450°C indicates that an increase in mean 
cavity size is accompanied by a decrease in the 
number of cavities, suggesting caalewence of 
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smaller cavities to form larger ones, Hourghss- 
shaped cavities, having narrow neck regions, 
sepsrating much larger adjacent chambers, are 
consistent with this scenario. To have excellent 
separation propertcs, the small neck regions must 
not be too large relative to the size of the 
‘molecules being separated, because kinge openings 
‘enable relatively nonselective flow mechanisms 
(eg., Knudsen flow) (7). However, lage cavities 
adjoining the necks will contribute to high rates of 
molecular transport. The large cavity size of the 
fully converted sample (TR-1-450) is smaller than 
that of PTMSP (0,675 nm) but substantially langer 
than that of common glassy polymers (c-g., 0286 
‘nm for polysulfone; 0.289 nm for polycarbonate) 
(17), Similar behavior is observed in other PIOPG 
samples prepared by a combination of other 
‘monomers basal an the same methadology. 

Synchrotron sinallangle x-ray scattering 
(SAXS) measurements also indicate structural 
changes over the grange 0.1 1 0S At g = 
4nsinO’, where 2 is the X-ray wavelength and 
20 is the scattering angle). Specifically, a peak is 
apparent in the SAXS profiles for samples pro- 
‘cessed at 400° and 450°C, but notin those pro- 
cessed at lower temperatures (Fig. 2), Furthermore, 
the peak in the 450°C sample is mone pronounced 
and centered at a lower q than that of the 400°C 
‘sample, If we attribute this peak to scattering fom 
cavities, these data suggest that cavities increase 
+ the peak shifts to small q) at higher 
‘treatment temperatures 

To explow the separation properties of these 
polymers (hereafter reférred to as TR. polymers), 
‘we prepared dense membranes (thickness ~20 to 
30 jim) for pure and mixed-gas permeability ex- 
periment, Figure 3 shows the gis separation por- 
formance of several fimilies of polymers considered 
for COYCH, separation at 35°C. Such separations 
are vital in natural gas processing, landfill gas 
recovery, and enhanced oil recovery (18). 

‘TR polymers demonstrate excellent CO¥CH, 
separation performance, sumpassing the COyCHs 
separation limitation (ie, the “upper bound” line 
in Fig. 3A) (19) of typical polymer membranes 
(TR polymers also exceed the separation limit 
of other notable gas pairs such as Oy/Ny and 
HyN;) Counterintuitively, the COs permeability 
and CONCH, selectivity are both high, in contrast 
{othe behavior of conventional strongly size-sieving 
polymer membranes, where high COCH, selee- 
tivity invariably leads to low CO, permeability (20). 
(On the permeability -sclectivity mp, the separa- 
tion performance of our polymer membranes is in- 
termediate betwen the performance of common 
polymers and carbon molecular sieve membranes. 
As revealed by PALS and SAXS, the unusual mi- 
crosiricture of TR polymers (ie. large cavities) 
provides an explanation for their high gas perme- 
abilities, and the consriction formed by cavity 
coalescence is presumably responsble for their 
precise discrimination among gas molecules such 
as COs and CHy. In addition, gas. separation 
‘results (Fig, 3A) reveal that the cavity size in TR 
polymers can be tuned by adding small acidic 
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dopants (eg, HCI and HPO.) because TR 
polymers include basic nitrogen atoms (-C=N-) on 
the heterocyclic rings (e.g., benzoxazole ring). 
‘After doping. the COs permeability decreases but 
COYCH, selectivity increases. However, after 
dedoping, the permeability and selectivity retum 
to their original values, indicating that the cavity 
size and shape can be tailored. 

In COCHs separation, CO: typically acts as 
« plasticizer, swelling the polymer matrix, causing 
the permeation of CH, to increase more than that 
of COs, which decreases selectivity (21), Glassy 
polymers such as polyimides and cellulose acetate 
exhibit substantial decreases in COyCH, selec- 
tivity in mixed-gas experiments, particularly at high 
CO: fugacity. In contrast, TR polymer membranes 
do not exhibit substantially reduced selectivity, 
even at high CO; concentration (-80 mol%) and 
high CO: fugacity (~15 atm) (Fig. 3B). The small 
reduction in selectivity with inawasing CO. fie 
gacity is caused by a stronger decrease in CO; 
pemmeability as compared to CH, permeability, 
hich is typical for glassy polymer membranes 
and is due tothe effect of competitive sorption in 
mixtures (22, 23). The COs and CH, permeabil- 
ites slightly decrease with increasing CO; fugac- 
ity in all COyCH, mixtures (fig. $4), and there is 
1g evidence of plasticimtion. That is, TR polymer 
membranes show excellent resistance to plastci- 
zation at COs partial pressures a high as 20 atm. 

Gas permeabilities of TR polymers are often 
two orders of magnitude higher than those of 
the original PIOFG polymers but are still lower 
than those of PTMSP, the most permeable poly- 
far important gas sep- 
arations (eg., O2/N and COyCH,) are much 
higher than in PTMSP (24) but comparable to 
cor slightly lower than in carbon molecular sieve 
‘membranes (25). For TR polymers, the order of 
pemmeability is CO, > Hy > He > O; > Np > 


CH, similar to that observed in ultrahigh free 
volume polymers like PTMSP (24). 

‘The outstanding performance results from lange- 
ly unique cavity formation caused by random chain 
conformations during thermal molecular rearange- 
ment. A few comparable studies are found in the 
literature, Barsema et al. (26) studied commercial 
polyimide membranes treated at different temper- 
atures (300° to 525°C), They observed that the 
‘gas permeability of polyimide membranes trated 
‘below the thermal decomposition temperature 
(<4S0°C) did not change noticeably, but was slight 
ly reduced duc to polymer densification, At the de- 
‘composition temperature, the treated: membranes 
‘exhibited a small increase in gas permeability 

‘A possible reason why these polymers have 
unique cavity sizes and shapes might be related 
to the role played by CO; molecules escaping 
from the original polymer matrix, Therefore, we 
designed a carboxylic acid group -contaning poly 
imide film and performed the same dermal tate 
ment, Here, the decarboxylation also occurs in & 
similar temperature range (7 400° to 500°C). 
However, no outstanding change in gas pemmc- 
ability was apparent relative to that of the parent 
polyimide. From our model study, the evolution 
‘of COs is not a decisive factor in the formation of 
gas-accessible free volume or cavities (fig. $5), 

‘The polymers under investigation exhibit 
‘pscudo-microporous characteristics that can be 
‘probed by nitrogen adsorption desomption, a tech- 
nique usually applied to inorganic microporous 
‘materials rather than polymers. Conventional dense 
polymers are “nonporous” in that free-volume 
‘elements do not span the sample, so Brunaver- 
Emmett-Teller (BET) analysis is rarely used to 
characterize them (27). Nitrogen adsomtion was. 
used to study (wo PIOFG polymers [PIOFG-1 
‘and PIOFG-2 (synthesized from 6FDA and 25- 
diamino-1,4-benzenedithiol (DABT)) and their 
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Fig. 2. (A) Change of cavity radius (A) istribution, measured by PALS, of 6FDA + bisAPAF polyimide 
(PIOFG-2) as a function of thermal treatment temperature. (B) SAXS profiles of PIOFG-1 for all four 
processing temperatures and fit of the Guinier knee of TR-1-450 polymer (black dotted tine). (a) PIOFG-2; 
(b) TR-1-350,; () TR-1-400, () TR-1-450 (FWHM, full width at half maximum from the o-Ps lifetime 1 


distribution). 
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thermally rearanged analogs at 450°C (TR-1- 
450 and TR-2-450) (Fig. 4). The PIOFG poty- 
‘mers exhibit an adsorption/desorption isotherm. 
previously observed in glassy polymers (27). The 
nitrogen adsorption desorption isotherms of TR- 
1-450 and TR-2450 are of the imeversible Type 1 
form with hysteresis. The BET surface areas ane 
‘markedly large for polymers, 510 mg! (TRI- 
450) and 410 nx'g ' (TR-2-450), which indicates 
the presence of substantial amounts of fee volume. 
‘The hysteresis loops for the TR. polymers do, not 


10° 10' 10° 10° 
CO, Permeability [Barrer] 


10" 


‘conespond to ay ofthe TUPAC iether (28), but 
they are also observed in polymers of intinsic 
ricroporosity (29). Materials showing similar iso- 
therm are typically understood to peasess “throat 
and cavity” type microporosity characteristic of | 
activated carbons (30). These results further sup- 
port the hypothesis from PALS of hourglass- 
shaped cavities. 

‘There ane two advantages to the materials de- 
scribed in this work. Firs, the original polyimides 
are soluble in commen solvents; that is they can 
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Fig. 3, (A) Relation between CO; permeability and CO,/CH, selectivity of TR polymers (#) [1, PIOFG-2; 2, 
TR:1-350; 3, TR-1-400; 4, TR-1-450; 5, HCl-doped TR-1-450; 6, dedoped TR-1-450; 7, HCkredoped TR-1- 
450; 8, HyPO, doped TR-1-450; 9 to 19, other TR polymers prepared at 450°C from homopolyimices and 
copolyimides containing thermally convertible segment units (Z6)). These data were obtained from pure 
‘gas experiments at 35°C. Gas separation performance data of polyimides (PO) reported in the literature (2) 
(32); other polymers (Xx) (8, 29, 32) IPET, poly(ethylene terephthalate); PSF, polysulfone; CA, cellulose 
acetate; PC, polycarbonate; P5, polystyrene; PPO, poly(phenylene oxide); PIM, polymer with intrinsic 
‘microporosity; PTMSP, poly(1-trimethysily-1-propyne); CMS, carbon molecular sieve membranes (\) 
(6, 33)] are inclided for comparison. The upper bound is from (19), and the dotted line is provided to 
‘uide the eye. (B) Effect of CO, partial pressure on mixed-gas CO,/CH, selectivity in TR-1-450 at 35°C. 
‘Mixed-gas CO,/CHs feed compositions (in mol% CO,:mol% CHa) were 10:90 (®), 50:50 (-), and 80:20 
(©), Mixed-gas data for a fluorine-containing polyimide (32) and cellulose acetate (22) are included for 
comparison, The CO, permeabilities of fluorine-containing polyimide, cellulose acetate, and TR1-450 at 
35°C and presure = 10 atm are included for comparison. The dotted lines are provided to guide the eye. 
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Fig. 4, (A) Nitrogen adsorption/desorption isotherms at -195°C for (a) PIOFG-2, (b) PIOFG-2, @)TR-1-450, 
and (d) TR-2-450. plpo is the ratio of gas pressure (p) to saturation pressure (p.) with po = 746 torr. 
(8) Apparent cavity size distributions of (a) TR-1-450, measured by BET, and (b) PTMSP (included for 


comparison), 
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be prepared in the form of hollow fibers and then 
continuously exposed to heat treatment because 
these TR polymers produce tough, ductile, robust 
films rather than brittle, fragile specimens such as 
zeolite or carbon membranes (table $3). This fea- 
ture markedly enhances their potential utility and 
ultimate reduction to practice. Second, it is much 
‘easier and simpler to coat these polymers without 
any defects of cracks anto microporous cemumic 
‘support membranes than to coat zeolite, silica, 
_and carbon membranes onto such supports. Re- 
‘cently, we observed that the separation perform 
_ance of thin-layer coated composite membranes is 
comparable to that of thick, dense membranes 
_and these membranes do not show permeability 
decay with time duc to physical aging (fig. SS), as 
do high-free-volume glassy polymer membranes, 
‘These polymers with tailored porosity can also be 
applied as fue! cell membranes. When doped with 
acid molecules, these polymers exhibit high pro- 
ton conductivity. For example, the proton conduc- 
tivity of a HsPO,<doped TR-1-450 membrane 
reaches 0.15 $ cm”! at 130°C and low relative 
‘humidity (30%), This value is higher than that of 
polybenzimidazole (PBI) (<0.1 S em” at 200°C) 
(3D, the most attractive proton-conducting poly- 
mer for high-temperature fixe! cells. Currently we 
‘believe these polymers sequester water, bound 
acid, and free acid molecules in the cavity struc 
ture, and this phenomenon is responsible for the 
high conductivity. Mast of all, the greatest benefit 
‘of these polymers isthe ability © tune the cavity 
‘size and distribution for specific 1s applications 
‘by using various templating molecules and heat 
treatments, with one starting material, 
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Microfluidic Adhesion Induced by 
Subsurface Microstructures 


Abhijit Majumder, Animangsu Ghatak,” Ashutosh Sharma 


Natural adhesives in the feet of different arthropods and vertebrates show strong adhesion as well as 
‘excellent reusability. Whereas the hierarchical structures on the surface are known to have a substantial 
effect on adhesion, the role of subsurface structures such as the network of microchannels has not been 
studied, Inspired by these bioadhesives, we generated elastomeric layers with embedded air- or oil- 
filled microchannels. These adhesives showed remarkable enhancement of adhesion (30 times), which 
‘results from the crack-arresting properties of the microchannels, together with the surface stresses 
‘caused by the capillary force. The importance of the thickness of the adhesive layer, channel diameter, 
interchannel spacing, and vertical position within the adhesive has been examined for developing an 


‘optimal design of this microfluidic adhesive. 


he feet of different arthropods and verte- 
‘brates show a remarkable ability to attach 
to almost any surface with varying surface 
properties and roughness (/-6), These biological 
adhesives not only show high adhesive strength, 
‘but they can also be detached rapidly and reused 
‘over and over: They are selfcleaning. and do not 
leave any marks or footprints after they walk over 
1 surface, Man-made pressure-sensitive adhe- 
sives lack these amazing qualities because their 
hhigh adhesive strength is derived from their visco- 
elasticity. Although viscous dissipation increases 
the work or energy of adhesion, the failure occurs 
at the bulk of the adhesive rather than at the 
interface, which prevents a clean separation of 
the adhesive from the surface and also prevents 
its reusability. Viscoelastic adhesives are also sus- 
ceptible to fouling by particulate contamination. 
The extraordinary ability of naturally occur- 
‘ing adhesives of animals and insects, in particu- 
lar, i in part retated to the complex and hierarchal 
structural morphologies of their attachment pads 
(2-8), which use mechanisms of adhesion other 
than viscoelasticity (such as, fiction, suction, and 
molecular interactions). Several studies on mode! 
textured surfaces (9-14) have shown that surface 
patteming can enhance adhesive strength remark- 
ably. This is because the crack propagation is ar- 
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rested when it encounters a surfice discontinuity 
and has 10 be reinitiated thereafter. Crack initia- 
tion requires much higher stress than does propa 
gation of the crack on a smooth surface (/0, 17). 

‘Whereas the previous studies have focused on 
adhesion as an interfacial phenomenon and have 
thus employed surface-modified and -textured 
adhesive layers, we show that air and viscous 
domains or “pattems” buried within the sub- 
surface of bulk phase can have equally important 
strong dissipative effects on the work of adhesion 
and, at the same time, offer a clean reversible 
separation. We embeded microchannels of differ- 
ent diameters at various vertical and spatial 
positions within cross-linked elastomeric adhe- 
sive layers bonded to a rigid substrate (J5), A 
flexible microscope coverslip was then brought 
into complete contact with this adhesive and 
lifted vertically from its hanging edge at a con- 
stant rate, as shown in Fig. 1A. The flexibility of 
the adhering coverslip was chosen such that it 
underwent small bending during peeling. Small 
bending allows for a precise estimation of the 
interfacial adhesion strength directly from the 
force versus displacement measurements. A more 
general form of the experiment would be to pee! 
tan adhesive film bonded to a flexible backing off 
‘of another flexible plate. For small bending ofthe 
plates, the results for this general geometry are in 
fact equivalent to the experimental setup cm- 
ployed here by appropriately defining the igidity 
‘of the peeled plate. 

‘The peel experiments (Fig. 1A) on an elastic 
film (16) with air-filled microchannels shows that 


the contact line between the film and the plate or 
the crack does not propagate smoothly, but rather 
With intermittent amests and initiations at dhe 
location of the channels (igs. S1 and $2). Thus, 
the channels act asa barrier for crack propagation 
‘on the surface of the film. This aspect is also 
‘captured in the plot ofthe peeling torque M= F= 
4 against displacement A of the flexible plate 
(Fig. 1B), where a is the distance of the crack 
from the point of application of the load F, The 
plotshows the existence of several peaks, the fist 
‘one corresponding to the formation of the cusp 
shaped crack atthe edge of the film (10, 11) and 
the subsequent ones appearing because of the 
arresting effect of the buried channels, With an 
increase in 4, the erack approaches an interme 
diate channel and remains amested in its vic 
whereas F continues 10 rise. The torque now 
increases linearly until it reaches a critical value 
fat which the crack nucleates in the form of a 
‘cavity at the other side of the channel, and the 
torque increases sublincarly thereafter. Finally, 
the torque decreases sharply after a complete 
‘opening of the crick and its catastrophic propa 
‘gation. The average maximum torque, Afi, a 
which the cracks initiate is plotied in Fig. 1C, 
which shows that with an increase in the film 
thickness, Mux aries nonmonotonically, exhib- 
iting very lite influence of the channel forboth a 
thick and a thin film. In essence, when the film 
thickness approaches the channel diameter, the in= 
fluence is similar to that of adhesion on a fibriler 
‘or pattemed surface, whereas for very thick films, 
adhesion is similar to a smooth surfce. 

For the films thinner than the one with the 
maximum torque (100 ym in Fig, 10), the 
channels effectively partition the film into smaller 
portions, which enhances their compliance and 
‘consequent crack blunting, as is also seen in the 
context of adhesives with surface fibrils (/7-19). 
To counter this effect of crack blunting, excess 
‘energy is required to initiate the crack, which 
eventually gets dissipated after its propagation. 
‘The effect of crack blunting is weaker for thin 
films but becomes more important with an in- 
crease in the film thickness, requiring larger 
‘erack-intiation torque, Hence, the maximum 
<rack-initiation torque Maas increases initially 
with film thickness /, as shown in Fig. 1C. 
Beyond a threshold thickness (~100 jm in Fig. 
1C), the volume fraction of the channels in the 
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film is too small to cause any effective parttion- 
ing of the film. Consequently, less torque is now 
‘required to initiate the erack from the vicinity of 
the channel. Finally, the effect of the channel 
becomes almost nonexistent for a very thick film. 
This situation prevails imespective of the vertical 
position of the channel in the film (fig. S3). 
‘The horizontal spacing » between the chan- 
nels affects the Max. Figure 1D shows that for 
interchannel spacing s~ 3 mm, the M versus A 
plot is characterized by the intermittent peaks 
corresponding (0 the amesting effect of the 
channels, but for = 0.5 mm the channels are 
close enough that the effect of each individual 
channel is no longer felt. However, one sees a 
constant torque that is still substantially higher 
than is required to drive the erack overa smooth 
film, This result is in accordance with observa 
tions on surface-pattemed adhesives where a 
constant torque is also observed (/0, 1) when 
the spatial dimensions of the pattems are 
deoreased below a, characteristic stress-decay 


length, A! (@)' (20), The later is a material 


length scale that signifies the distance from the 
‘contact line within which the stresses in the film 
‘remain concentrated. For the experiment come- 
sponding (o Fig. 1D, D~ 0.02 Nm, w= 1.0 Mpa, 
and /= 120 jm (where Dis the Nexural rigidity 
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of the adhering plate, and jis the shear modulus 
of the film), and this threshold distance "' ~ 
3.14 mm, Therefore, the effect of individual chan- 
nels is not felt when s ~& 

We now show that the adhesion is consider- 
ably enhanced when the channels are filled with 
liquids of appropriate surface tension and viscos- 
ity. Channels of diameter d = 30 to 1090 jum, 
embedded in elastic films of h = 90 to 1500 jum, 
were filled with silicone oils of viscosity 9 = S to 
30,000 ¢P and surface tension = 22 mint. 
Although these oils wet the surface of polydi- 
methylsiloxane (PDMS), they do not diffuse imo 
the network of PDMS in the time scale of the 
experiments (=10 min). However, being a wet- 
ting liquid, the oil results in a negative capillary 
pressure of magnitude Ap ~ 4(7, ~ ya) inside 
the channel and also in the vicinity of its elastic 
wall; away from the wall, the pressure in the film 
remains atmospheric. Here, y, (-22 mu/n?) and 
Ya (-0 mi/m’) are the surface energy of the 
PDMS elastomer and the interfacial energy of the 
elastomer and silicone oil, respectively, This 
stress field around the channel, resulting fom 
the lateral and vertical asymmetries, effectively 
leads 10 a situation similar to that of an clastica 
tunder a compressive axial load. This leads to 
buckling and bulging out of the elastic wall of the 
‘channel. Figure 2B depicts the deformation 
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Fig. 2. (A) Schematic of the experimental setup where a flexible plate is lifted from its end off of 
an elastic adhesive layer with embedded microchannels. (B) Mt = F - a is plotted against A of the 
flexible plateCurves 1 to 3 correspond to h = 80, 150, and 200 um, respectively; = 1.0 MPa; and 
D = 0.02 Nm. Here, the first peak represents initiation at the sharp edge of the film, and the 
subsequent peaks capture the effect of each microchannel on peeling. (C) Variation of the Maa 
with h, The green horizontal line indicates the torque applied on a plate for peeling off of a smooth 
film, and the dashed line is a guide to the eye. Triangles represent the maximum torque at which 
the crack initiates, and error bars represent SD. (D) The effect of s between the channels on 
maximum Ml, Curves 1 and 2 correspond to peeling a flexible plate of D = 0.02 Nm off of films 
hhaving multiple channels placed at s = 0.5 and 3 mm apart. 
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profiles 6 at the surface of the films obtained by 
‘optically scanning their surface in a direction 
‘perpendicular to the orientation of the channels. 
For thinner films (for example, those with = 90 
um and d = $0 yum), the deformation bulges 
appear as spikes with narrow peaks that do not 
allow the plate to come in complete contact with 
the film, However, as /1 increases, the defor- 
‘mation flatens out, resulting in a complete con- 
tact with the contactor, For small deformations, 
(ie, 8ld << 1), the elastic energy of the surface 
bulge scales as ~(w2)(8/d)"(h ~ d2)Ld, where 
Lis the length of the channel, This increased 
clastic enengy is supplied by a fraction of the 
reduction in the interfacial energy ~(Ys~ Yat 
dL of the capillary, Equating the two energies 
yields the following scaling relation for the 
height of the bulge, 8= d/2ry,/u(h—d]2). 
When we plot the experimental data of 8 
‘obtained from various experiments against 
dh ~ d/2)', all of the data fall on a single 


Straight line (Fig. 2C), with the result 8 = 1.5% 
10°d//(h=d/2). 


‘When a flexible plate is peeled off of these 
thicker films, as in Fig, 1A, we obtain the M 
versus A plots (Fig, 3A) consisting of intermittent 
peaks that comespond to crack initiations. and 
arrests, similar to the observation shown in Fig. 
1B with the use of air-filled channels. However, 
here the bulging induced compressive stress at 
the interface plays an important role in enhancing 
-M, Whereas peeling causes tensile stress at the 
‘erack front (70), the compressive stress in the 
capillary diminishes it, Consequently, as com 
‘pared with a film without channels, the plate now 
has to be lifted more in order to attain the nec= 
‘essary critical stress to drive the crack, Although 
‘itis natural to think that viscous dissipation inside 
the channict should also contribute to the addi- 
tional torque needed to initiate the crack, 
experiments with oils show that Mya does not 
alter significantly (able S1) when the peeling rate 
is varied over two onders of magnitude (3 to 100 
juns). Furthermore, when the liquid viscosity is 
varied systematically, both Afay and the adhe~ 
sion energy increase until an optimum viscosity 
(100 to 1000 cP) is reached, beyond which they 
decrease, 

‘The adhesion strength G is obtained by in- 
tegrating the area under the F versus A curve 
(Fig. 3B). A decline in G for high-viscosity oils 
may occur because the relaxation time of the 
hhigh-molecular weight oils ean be substantially 
longer than the time scale in which the crack 
‘erosses the channel leading to lower viscous 
<issipation. Also, high-molecular weight oils 
would show elastic, rather than viscous, response 
at short time scales of crack propagation, These 
observations suggest that the enhancement of 
{torque is mediated not so much by the viscosity 
‘ofthe liquid as by the pressure inside the capillary 
and the deformability of the film. Both of these 
aspects were investigated by systematically 
‘varying the / and d, while filling them with a 
‘viscous liquid. Figure 3C summarizes a typical 
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series in which d is kept constant while / is 
varied. G increases as the skin thickness 1 —d 
is decreased, except for very small values ofr for 
‘which G decreases. This implies that maximum 
enhancement of G is achieved at an intermediate 
thickness of the film dictated by the liquid 
‘pressure inside the channel. A similar set of ex- 
periments with channels of different diameters 
shows that G is optimally enhanced at interme 
diate ranges of channel diameter (700 to 800m) 
‘and liquid viscosity (100 to 1000 ¢P). Figure 3D 
illustrates a comparison of the optimal micro- 
Muidic adhesives with an unstructured adhesive 
sand witha surface-textured adhesive. G increases 
by one order of magnitude to ~750 mi/m* when 
the film is embedded with airilled channels of 
d= 710 um. This issimilartothe performance of 
a surface-textured adhesive because in this ease, 
is nearly the same as h G inereases further to 
1600 mi/m? when these channels are filled with 
an oil of intermediate viscosity, This remarkable 
enhancement in G by about a factor of 25, com- 
‘pared to otherwise similar but smooth adhesives, 
is achieved without incorporating any viscoelas- 
ticity in the adhesive but by simply manipulating 
the pressure inside the subsurface channels, 

‘We now show thatthe same elastic layer ean 
bbe used both as a strang adhesive and an easy 
release coating. In this context, the nonmonotonic 
dependence of G on tas in Fig. 3C, motivated us 
to embed two layers of channel within the 
adhesive at two different vertical locations. When, 
the channels of diameterd = 50 um ofthe top layer 
(t,= 120 pm and fs = 300 jim) ar filled with oil 
‘while those at the bottom layer contain air at 
atmospheric pressure, the deformations at the 
surfice of the film (similar to /i = 90 jum in Fig. 
2B) do not allow the plate to come in contact with 
the film. The layer then behaves like a release 
coating. However, when the channels atthe bot- 
tam layer are filled with oil of = 380 cP while 
those at the top contain air, the poet experiment 
yields the Mf versus 4. plot with characteristic 
‘peaks atthe locaton of the channels, as shown in 
Fig. 3E. This result shows thatthe sume film can 
‘be used as a strong adhesive and a release coating 
‘without altering the intrinsic rheological o surface 
properties ofthe film. 

Tn contrast to the known mechanisms of en- 
hhancing adhesion by surface patterning, hairy 
structures and chemical modifications with sticky 
‘molecules, we have presented a mechanism for 
greatly enhancing and modulating adhesion by 
‘embedded subsurface liquid-filled microchannels, 
in an adhesive layer. A spatial segregation of the 
clastic and viscous domains allows fora clean and 
reusable separation of the elastic surface, unlike 
the conventional viscoelastic adhesives. The con- 
fined liquid in the microchannets not only leads to 
viscous dissipation when a crack passes over it 
‘but, more importantly, exerts compressive stress 
‘on the flexible wall, which causes the formation 
‘of bumps on the film surface. These can either 
diminish or enhance the stress concentration and 
adhesive energy during separation. Our mecha- 
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Fig. 2. Surface deformation of the film due to liquid pressure inside channel. (A) Top view of a 
typical adhesive film (h = 120 jum, d = 50 ym) with embedded channels partially filled with 
silicone oil of n = 380 cP. (B) Liquid pressure inside the channels deforms the film and creates 
microscopic ridges of height 6 at the surface. The figure shows the dimensionless height &/h along 
the direction of propagation of the contact ine. (C) 6 is plotted against the scaled diameter of the 
channels ¢, where ¢ = dh — di2)t, Exror bars represent SD in 8. 
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Fig. 3. Peeling off an elastic film with embedded microchannels filled with siticone oil of varying 
‘viscosity. (A) M versus A. Curve 1 corresponds to h = 300 mm and d= 50 mm for channels filled with air. 
Curves 2 and 3 correspond to n = 380 cP, fh = 570.and750 jum, and d = $30. and 710 jum, respectively. (B) 
Bar chart depicting G when the channels of diameter d = SO jum embedded in film of thickness h = 300 um_ 
are filled with air and liquids of different viscosities. (C) h is varied systematically while keeping d = 530 jm 
unaltered. The channels are filled with a liquid of n = 380 cP. Error bars represent SD. (D) While on a 
smooth film (1), the adhesion strength is estimated as G = 60 mJ/m? [similar to that obtained by 
Johnson et ai. (21)]; on an incision-pattemed film (2) and on a film of thickness h = 750 ym 
‘embedded with air-filed channels of diameter d = 710 ym (3), Gis 750 mym*. G increases to ~1800 m)/mt™ 
when these channels are filled with liquid (4). (€) Schematic of an adhesive film embedded with 
channels arranged in two different layers with skin thicknesses t, and tz, respectively. When the peel 
experiment is done on this adhesive with the channels ofthe bottom layer filled with oil while those at 
‘the top contain air at atmospheric pressure, the M versus Aplots are characteristic of crack arrests and 
initiations at the location of the channels. 
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nism suggests strategies for the design of more 
efficient, cleaner, and stumli-responsive pressure- 
sensitive adhesives. 
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FKF1 and GIGANTEA Complex 
Formation Is Required for Day-Length 
Measurement in Arabidopsis 


‘Mariko Sawa, Dmitri A. Nusinow, Steve A. Kay, Takato Imaizumi* 


Precise timing of CONSTANS (CO) gene expression is necessary for day-length discrimination for 
photoperiodic flowering. The FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKFA), and GIGANTEA (Gi) 
proteins regulate CO transcription in Arabidopsis. We demonstrate that FKF and GI proteins form a 
‘complex in a blue-light-dependent manner. The timing ofthis interaction regulates the timing of daytime 
CO expression. FKF! function is dependent on Gl, which interacts with a CO repressor, CYCLING DOF 
FACTOR 2 (COF1), and controls CDF2 stability. Gl, FKF2, and CDF! proteins associate with CO chromatin. 
‘Thus, the FKF2-GI complex forms on the CO promoter in late afternoon to regulate CO expression, 
providing a mechanistic view of how the coincidence of light with circadian timing regulates 


photoperiodic flowering. 


any plants monitor seasonal changes in 
M* length to regulate lowering time 
for successful reproduction (/). In 
Arabidopsis, regulation of daytime CO expees- 
sion is the primary process of time measurement 
in the photoperiodic flowering pathway (2, 
FKFI and Gl proteins positively regulate CO 
transcription (4, 5). FKFI and GI gene expres- 
sion has similar diumal pattems (5, 6), which 
implies that these proteins may interact o regu- 
late CO. We tested ther direct interaction in yeast 
and found that FKF1 interacts with GI (Fig. 1A). 
‘Gur results, obtained using truncated FKF1 pro- 
teins, suggest that this interaction occurs through 
the FKFI LOV (Light, Oxygen, or Voltage) do- 
‘main (Fig. 1A). In addition, the GUN terminus 
‘was sufficient to interact with FKFI (fig. SI). 
‘To assess whether this interaction occurs in 
‘vivo, and whether it is modulated by photoperiod 
‘or light conditions, we generated transgenic plants 
constitutively expressing both haemagelutinin 
(HA) tagged FKFI (HA-FKFI) and tandem af- 
finity purification (TAP)-tagged GI (GL-TAP) 
proteins [35S::HA-FKF1 35S::GI-TAP lines (7)] 
for coimmunoprecipitation experiments. In the 
35S:HA-FKFI 35SGETAP #18 /fifl line, 
similar amount of GI-TAP protein was precipi- 
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tated at every time point in both long-day (16 
hours fight and 8 hours dark) and short-day (8 
hours light and 16 hours dark) conditions (Fig. 1, 
Band C), HA-FKFI protein was coimmunopre- 
cipitated with GI-TAP protein (Fig. 1, B and C), 
‘demonstrating that GI-TAP and HA-FKFI. pro- 
tcins form a complex in vivo. In both day-length 
‘conditions, the amount of coimmunoprecipitated 
HA-FEFI protein increased until 4 hours after 
light onset, remained constant for the rest of day, 
and declined in the dark (Fig. 1, B and C), which 
suggests that light or the circadian clock modu- 
late the FKFI and Gt interaction. 

We therefore analyzed the interaction in dark- 
grown samples. A minimal amount of HA-FKFI 
was coimmunoprecipitated with GI-TAP protein 
in the dark (Fig. 1D), indicating that this inter- 
action is light dependent. In addition, as litle as 
10 min of light exposure resulted in a marked 
increase in the amount of FKFI and Gt inter- 
action (fig. $2). 

‘Next we analyzed how light quality (wave- 
length) affects this interaction. Similar amounts 
of FKFI and Gl interacted in blue-light 
ivadiated samples (Fig. 1E) compared with 
white-light grown samples, but litle interac- 
tion was observed in red-light irradiated sam- 
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ples(Fig. 1E), indicating that blue light induces 
this interaction. Further analysis revealed that 
the FKFI and Gl interaction is fluence rate 
dependent (Fig, 1F). 

Because we have shown thatthe FKFI LOV 
domain can absorb blue light (5), we postulated 
that the LOV domain may function as a blue~ 
light-sensing domain for this interaction, We first 
tested whether FKF1 and GI proteins by them 
selves are sufficient to reconstitute the light- 
dependent interaction in vitro (7). FKFI-HA 
protein was copurified with the glutathione S- 
transferase-fused GIN teminus (GST-GI-N) 
protein incubated under light (Fig. 1G). We then 
analyzed the importance of the FKF1 LOV do- 
main for light-induced interaction with GI by 
using FKFI LOV variants containing three di 
ferent photochemically blind mutations (C91A, 
R92D, and QU63L (8-17). All thnoe blind mut 
tions attenuated the light-dependent interaction 
(fig. $3). These results suggest that FKFI con 
trols the interaction with Gl by absorbing blue 
light through the LOV domain, 

‘To determine more accurately when this inter 
‘ction occurs in vivo, we performed immuno- 
precipitation analysis using a transgenic line 
(PKF1:HA-FKFI Gl::GI-TAP / ffl gi-2 (7)) 
in which both tagged FF and GY expression 
are regulated by endogenous promoters (fig. $4). 
Under long-day and short-day conditions, C 
TAP protein was expressed throughout the day 
with an aftemoon peak, whereas HA-FKF ex- 
pression largely occured in the late aftemoon 
(Fig. 2, A and B) (5, 12) In long days, the peak 
expression of FKFI and GI proteins coincided 
(Fig. 2A). The HA-FKFI and GI-TAP interaction 
was observed in the late aflemoon (Fig. 2A), 
when daytime CO expression occurs (Fig, 2E) 
(4, 13), In short days, HA-FKFI peaked about 3 
‘hours later than the GI-TAP peak expression, 
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and the FKFI and GI interaction occurred only 
atthe beginning of the FKFI expression period 
(Fig. 2B), 

‘When day-length shifts from short to long, 
daytime CO is immediately induced (5, 14), and 
FKF1 is involved in this induction (5). We there- 
fore examined the FKF! and GI interaction under 
day-length shift conditions. On the day when 
‘conditions were switched trom short to long, the 
expression pattems of HA-FKFI and GI-TAP 
‘were similar to those on short days (Fig. 2C). 
However, the interaction between FKFI and GI 
‘occurred throughout the extended light period 
(Fig. 2C). Our results show that the duration of 
the FKFI and GI interaction seems to coincide 
with the pattem of daytime CO expression. 

‘As oui results indicate that FKF1 and GI may 
form a complex to regulate CO expression, we 
studied the importance of this interaction. We 
first examined whether FFI regulates GI pro- 
tein stability, because FFI mediates protein 
degradation (/5), The JAfT mutation did not alter 
the expression pattems of GI-TAP proteins (fig. 
'85), indicating that FKFI does not regulate Gl 
protein stability. We then studied the genetic 
‘elation between FFT and Gl. Both fAfT and gi 
mutants showed a late-flowering phenotype in 
long days, and the gi flowering phenotype was 


of the fRfT gi double mutant in long days and 
short days resembled that of the gi mutant (Fig. 
2D). Expression of CO in the /&f7 gi mutant in 
Jong days is also similar to that in the gi mutant 
(Fig. 2E). When the gi mutation was introduced 
into the 35S:HA-FKFI #10 / afl line, the gi-2 
35S:HA-FKFI #10 / ff? line showed a strong 
fate-flowering phenotype in long days, which is 
similar to the gi flowering phenotype (Fig. 2D). 
CO expression in the gi-? 35S::HA-FKF1 #10 / 
{Afl line also resembled that in the gi mutant in 
long days (fig. $6). These results indicate that 
FKFI function is largely dependent on Gil func- 
tion. In contrast, when the fif7 mutation was 
introduced in the 35S::GHTAP /gi-? line, the kf] 
35S::GI-TAP / gi-? plant flowered slightly later 
than the 35S::GE-TAP /-? line but much earlier 
than the /if mutant (Fig. 2D), which indicates 
that GI function is not completely dependent on 
FKFI function. This suggests that GI may regu- 
late not only FFI activity but also the function 
‘of other proteins that play additional roles in the 
photoperiodic flowering pathway. 
‘Timing of the circadian-regulated expression 
‘of FKFI andor Gl is thought to be important for 
the timing of daytime CO expression (5, 16). If 
this assumption were correct, then constitutive 
expression of either FKF1 or GI would abolish 


However, at least in the Col wild-type accession, 
lines overexpressing either FFI or Gl retained 
the ability to discriminate differences in day 
Jength (Fig. 2D) (12). This result suggests that, in 
the Col accession, FKFI and Gl expression alone 
may not be sufficient for regulating photo- 
Periodic lowering responses. On the basis of 
‘our results that FKP and GI form a complex in 
vivo and that FKFI function likely depends on 
Gi function, we postulated that the timing of the 
FKFI-Gl complex formation might constitute the 
time-measurement mechanism itself. 

‘To tes this hypothesis, we analyzed the flow= 
‘ering phenotype of two independent 35S::H1A- 
FRI 33S:.GI-TAP/ xf lines (Sigs. $7 and $8) 
sand the 35S::HA-FKFI 358:HA-GI / Ml gi-2 
line in long days and short days. All the FKFI 
and GI double overexpressing lines examined 
flowered at almost the same time in both day- 
length conditions (Fig, 2D and fig, $9). In the 
3SS'SHA-FKFI 33S::GI-TAP (fx Vines, CO was 
expressed constantly during the day at a similar 
level to the daytime CO peak observed in wild- 
type plants in long days (Fig, 2F and fig, $8), In 
short days, CO expression in these lines was 
higher than that in wild-type plants in the daytime 
(Fig. 2G and fig, $8), These results indicate that 
FKFI-Gl complex formation regulates the timing 


more severe (Fig. 2D), The flowering phenotype the day-length measurement ability of plants. of daytime CO transcription, 
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Fig. 1. FKF1 interacts with GI in a blue-tight-dependent manner. (A) Interaction between FKF1 and GI 
proteins in yeast. LOV+F contains LOV and Fbox domains. Fkelch contains Fbox and kelch repeat domains 
(7), ASK2 is known to interact with the Fbox domain, SO-WL medium is a control; SO-WLH medium is for 
selection of protein interaction. (B to F) G-TAP and HAFKF1 protein profiles in coimmunoprecipitation 
‘experiments under various light conditions. The 35S:HA-FKF1 35S-GI-TAP line and the 35S:HA-FKFI line were 
‘grown for 10 days in long days (B) or short days (Q. The long-day-grown 35S:HA-FKF1 35S:GHAP #18 / if 
tine was kept in the dark on day 10 (0), The 35S:AA-FKFI 35S:GHIAP #18 / ffl tine was incubated under 
blue or red light (both 25 jimol per m® per s) on day 10 (E). The 3: 
was incubated under different intensities of blue light for 1 hour (F). The bar color represents the light 
Conditions. (G) in vitro reconstitution of the FKFI-GI interaction. Samples were incubated in the dark or under 


White light (80 jumol per m® per s). 0872 staining showed GST and GST-G-N proteins precipitated. 
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Even though CO expression in these lines 
‘was constantly high in the daytime in both day- 
length conditions, FT expression was not con- 
stant (figs. $7 and $8). FT expression in the 
double overexpressors showed two distinct peaks 
in long days (figs. S7 and S8). This might be 
explained by the posttranscriptional regulation of 
CO protein (17). We observed daytime FT ex- 
pression in the double overexpressors in short 
days (figs. S7 and $8). This may cause early 
flowering of these lines in short days. 

ur results suggest that FKFI function is 
‘mainly Gl dependent and that the FKF1-GI com 
plex regulates daytime CO gene expression. One 
‘of the mechanisms by which FKF1 regulates CO 
transcription is by degrading its repressor, CDF 
(U5), We therefore explored the possibility that 
the FKFI-GI complex may be involved in this 
‘regulation. First, we tested whether the FKFI-GI 
complex. contains CDFI. AS the FKFI and 


A Long day 


CDF! interaction has been shown (/5), we ana- 
lyzed the possible interaction between CDF and 
Gl. CDFI interacted with the GUN terminus, the 
same fiagment that interacted with FKFI, in 
yeast and in vitro (fig. $10). In plant materials 
harvested in the moming, HA-CDFI was co- 
immunoprecipitated with GI-TAP (Fig. 3A). 

‘Considering FKF! functional dependence on 
Gi, these data led us to predict that CDF! protein 
may be stable in the gi mutant as a result of the 
loss of FKF! activity. Therefore, we analyzed the 
CDF protein levelsin 358::HA-CDFI lines (15) 
with oF without the gi mutation. In the 35S::HA- 
CDFI #17 line, the HA-CDF1 protein levels 
declined between 13 and 19 hours after light 
‘onset (Fig. 3B). In the gi-2 35S::HA-CDFI #17 
line, HA-CDFI expression did not change even 
atthe end of the day (Fig. 3B), indicating that Gl 
{s involved in the regulation of FF -dependent 
CDF protein stability. 


B Short day c 


REPORTS [ 


We also tested whether GI regulates CDF! 
function using a transient expression system (/5). 
‘The CDFI-VP64 (CDFI fusion with transcrip- 
tional activation domains) inereased the activity 
of luciferase mgulated by the CO. promoter in 
wild-type plants and gi-? mutants (fig, S11), sug~ 
gesting that GI does not modulate the CDF 
DNA binding ability. This implies that in the gi 
‘mutants endogenous CDF may be stable even in 
late aftemoon and participate in CO repression, 
‘As Gibinds to CDF! in vivo, then Gl might be 
present atthe CO promoter. To investigate this pos- 
sibility, we performed a chromatin immunoprecip- 
itaton (ChIP) analysis using GE:GI-TAP / gi? 
plants. We analyzed the GI-TAP-specitic enrich 
ment of 17 different amplicons with locations 
almost evenly distributed along the CO gene region 
(Fig. 3D) by quantitative polymerase chain rect 
(QPCR) (7). In the CO promoter, the amplicon 4 
region was the most highly enriched, and ampli- 


‘Short day to long day 


TFKFI:HA-FKFY 
GI:GETAP/IKtt gh2 


FR T:HA-FRPT 
GI:GI-TAP Mitt gh2 


Timo (h) “14 7 1013161922 


Time (h) “1 4 7 10131619 22 


TFPI SHA-FRFT 
(GI-TAP/IKft gh2 


GeTAP orm cup ESeRRSS S| 
e iar — = 
_——S— —« — 
——S ct Seprees—loue ——eeeees| on 
ee oe 
=F = 
Dd» 
0 
0 
iB 
0 
aS 
‘0 
o Ut 
73 3 cb OR Tino (h) 
PoP tag 
5 5 Pe pean 
z 3 % PI 


Fig. 2. The FKFI-G! complex is formed in late afternoon and regulates daytime CO 
expression. (A to ©) GI-TAP and HA-FKF1 protein profiles in coimmunoprecipitation O48 
experiments with a line expressing GI-TAP and HA-FKF1 under endogenous promoter 
regulation. the FKF2::HA-FKFI Gl:G-TAP / if gi-2 transgenic plants were grown under 
long-day (A), short-day (B), or short-day to long-day (C) conditions. The white and black 
bars represent the white light and dark conditions. The hatched bar represents extended 
light incubation. (D) Flowering phenotypes of plants with various levels of FKFZ and Gi 
‘expression in long days and short days. Data are mean + SEM. for 16 plants. (E) CO 
expression in wild-type plants, fkf1-2, gi-2, and fif1-2 gi-2 mutants in long days. IPP2 
expression (15) was used for normalization. CO expression in each panel is shown relative 
to the average value of wild-type plant data. (F and G) CO expression in wild-type plants 
and the 35S:HA-FKFI 35S:GL-TAP #18 / if1 in long days (F) and short days (G). 
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Fig. 3. GI-FKF1-CDF1 complex associates with CO promoter in vivo. (A) In vivo interaction between 
HA-CDF2 and G-TAP, The 35S::HA-CDFI #17 (GI-TAP-) and 35S:GI-TAP 35S:HA-CDFI #17 (G-TAPS) 
lines were grown in long days and harvested 4 hours after light onset on day 10, when 
coimmunoprecipitation assays were performed (7). (B) HA-COF1 expression in the 35S:HA-CDFI 
and gi-2 35S::MA-CDF1 lines, Plants were harvested at day 10 in long days, Actin (ACT) was used as 
2 loading control. (C) CO chromatin regions associated with GI-TAP protein. Plants were harvested 
13 hours after light onset on day 10. The ratio between the specific enrichment value in the 

TAP sample and that in the wild-type sample on each amplicon was calculated from seven 
independent ChiP analyses (7). ACT2 and UBQ70 genes were used as controls. The dotted line 
indicates no enrichment. (D) Schematic drawing of the CO locus and the amplicon locations for 
ChIP analysis, The 17 amplicon locations are shown, White and light gray boxes represent exons 
and 5'- and 3'-untranslated regions (UTR). (E and F) CO promoter regions associated with FKFI-TAP 
and HA-COF2 proteins. Plants were harvested 13 hours [FKFI-TAP (E)] and 4 hours [HA-COF2 (F)] 


after light onset on day 10. Data were calculated from four independent analyses. 


‘cons 3 and 9 ako showed significant enrichment 
(Fig, 3C), Ths indicates that GI-TAP protein asso- 
lates with these CO promoter regions. 

We further investigated whether both FFI 
and CDF1 associate with the same CO regions 
‘where GI-TAP protein interacts, We used FKF. 
PREI-TAP /if1 (5) aiid, CDF1::HA-CDFI#19 
(U5) lines for the ChIP assays and analyzed the 
amounts of specific chromatin enrichment around 
amplicons 3, 4, and 9. Amplicon 4 was enriched 
inthe FKF1-:FKFI-TAP /ifl samples harvested 
atthe same time as the GI::GI-TAP 2 samples, 
(Fig. 38), indicating that both FKF1 and Gt 
associate with this CO promoter region. Ampli- 
cons 3, 4, and 9 were all enriched in the CDF. 
HA-CDFI samples harvested in the moming 
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(Fig. 3F). Together with the in vivo GI and CDF1 
interaction results, and because CDF1_ peak 
expression occurs before the GI peak (12, 15), 
GI might interact with CDFI that has already 
bound to the CO promoter in the moming. Once 
FKFI interacts with the G-CDF I complex in the 
aftemoon, FKF1 might degrade CDF1 to release 
the repression of CO. 

We have shown that FKF1 and GI form a 
‘complex in vivo, and that this interaction is in- 
duced by blue light absorbed by the LOV do- 
‘main, verifying our previous proposal that FKF1 
ja blue-light photoreceptor (5). In addition, our 
results indicate that the timing of FKFI-GI 
‘complex formation, which is controlled by both 
circadian regulation of FKFI and Gl expression 


Light induced FT expression 


Fig. 4. A model of day-length-dependent CO 
transcriptional regulation. In long days, the 
ircadian-regulated coincidence of FKF1 and GI 
peak expression and the light-induced FKFL 
interaction with Gl enable the formation of the 
FKFI-G! complex in late afternoon. When the 
complex is formed on the CO promoter, COF1 
associated with Gl is degraded by FKF to facilitate 
the induction of daytime CO expression. Then CO 
protein is stabilized and activated by light to 
induce FT expression (13, 27). In short days, FKF2. 
peaks in the dark at a different time than Gl; thus, 
‘only a small quantity of the complex forms. 


and light induction of FKF1 and Gi interaction, 
‘can regulate the timing of daytime CO expression 
(Fig. 4). Morcover, our results suggest that the 
FKFI-GI complex directly regulates CDF1 
stability in the aftemoon and that the FKFI-Gl- 
CDFI complex forms on the promoter region of 
the CO gene, This is likely to be a part of the 
molecular mechanism by which the FFI-GL 
‘complex controls daytime CO transcription. Thus, 
\We have uncovered the principal molecular mech 
anism that enables plants to distinguish seasonal 
differences in day length. In conjunction with 
postiranscriptional regulation of CO protein (7), 
this regulation could enable plants to select the 
‘most favorable season for successful flowering, 
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Lyso-Phosphatidylcholine Is a 
Signal in the Arbuscular 
Mycorrhizal Symbiosis 


David Drissner,* Gemot Kunze,* Nico Callewaert,?” Peter Gehrig,* M’Barek Tamastoukht,* 
Thomas Boller,* Georg Felix,” Nikolaus Amrhein,* Marcel Bucher*7* 


‘The arbuscular mycorrhizal (AM) symbiosis represents the most widely distributed mutualistic root 
symbiosis. We report that root extracts of mycorthizal plants contain a lipophilic signal capable of 
{inducing the phosphate transporter genes StPT3 and StPT4 of potato (Solanum tuberosum L.), 
genes that are specifically induced in roots colonized by AM fungi. The same signal caused rapid 
extracellular alkalinization in suspension-cultured tomato (Solanum lycopersicum L.) cells and 
induction of the mycorthiza-specific phosphate transporter gene LePT4 in these cells. The active 
principle was characterized as the lysolipid lyso-phosphatidylcholine (LPC) via a combination of 
gene expression studies, alkalinization assays in cell cultures, and chromatographic and mass 
spectrometric analyses. Our results highlight the importance of lysophospholipids as signals in 
plants and in particular in the AM symbiosis, 


cilitated plant colonization of land more 

than 400 million years ago, and today 
80% of terestrial plant species are colonized by 
‘AM fungi. In the AM symbiosis, fungal hyphae 
form coiled oF ramified structures in root cortical 
cells of the host plant. Despite intracellular ac- 
‘commiodation of the microsymbiont, the symbi- 
otic partners remain separated by their plasma 
membranes, which thus demarcate the symbi- 
‘otic interface, that is, the site of bidirectional 


T: AM symbiosis is thought to have fae 
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exchange of compounds including signals and 
nutrients. Phosphonss (P) is taken up by plants as 
cothophosphate (Pi) via two pathways: the direct 
uptake pathway, at the level of the root-soil 
interface including root hair calls, as opposed 10 
the mycontizal uptake pathway, extending from 
extranadical fungal hyphae to the cortical cxlls 
harboring fungal symbiotic structures. A detailed 
analysis of the contribution of the mycomizal Pi 
uptake pathway indicated that this pathway can 
dominate Pi supply to plants imespective of 


‘SIPTY SIPT4 SUPT 
ah aR RR 
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whether plants forming AM symbioses exhibited 
improved growth andior (otal P uptake (/). 
Mycomhiza-inducible phosphate transports have 
‘been found in several plant species and ar likely to 
play a prominent role in growth and development 
‘of >200,000 plant species forming AM symbioses 
(2-4).A 5" upstream untranslated region of 1.7 kb 
(herein referred to as SiPT3 promoter) of the gene 
encoding the mycontiiza-inducible high-affinity Pi 
transporter SU?T3 fram potato (5) was recently 
shown to be activated in different plant species 
exclusively by fungi of the phylum Glameromy- 
‘cota (6). Tis is consistent with a model in which 
the signaling pathway leading 4 the induction of 
mycorthizal Pi transporters in the plant is evolu 
tionarily conserved. To identify such signal 
‘compounds involved in SYPT3 gene regulation, 
wwe analyzed extracts from mycorhized roots for 
their potential to trigger SiPT3 promoter activation 
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Fig. 1. Induction of phos- 
phate transporter gene in 
foots treated with phospho- 
lipid extracts from_mycor- 


NT. 


= shized roots. (A) Neutral 


lipids (Nts) and phospho- 
lipids (PLS) from mycortized 
¢mye) and nonmycortized 
(myo) roots of plantain 
‘were applied to potato 
plants cortaning a chimeric 
gene consisting of a GUS 
feporter gene under the 
contol of the S¢PT3_pro- 
moter. Roots were stained 
for GUS after 3 hours of 


‘treatment with the Bip. Scale bars indicate 100 jum. (B) RT-PCR performed on RNA from potato 
1oots after 3-hour treatment with PL-myc or PLemyc as indicated. RNA from untreated roots (N.T) or 
rots treted with solvent (Solu) were used as controls. Gene-specfic primess for StPT2, SIPT3, and 
SUPT were used. Non-reverse‘ranscibed RNA samples (RT) did not give rise to amplification of 
‘DNA, indicating absence of genomic DNA in the PCR templates. Shown isthe imverted picture. 
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in a bioassay based on transgenic potsto roots 
canying the SYPT3 promoter-$-glucuronidase 
(GUS) reporter gene construct (5). 

Infiltration of phospholipid (PL) extracts 
from myconhized roots (PL=mye) of plantain 
(Plantago lanceolata L.) caused StPT3 promoter 
activation, as evident from positive GUS stain 
ing of transgenic roots; comesponding extracts 
from nonmycorhized rots (PL-mye) failed to 
activate the SiPT3 promoter (Fig. 1A). GUS 
Staining was absent on infiltration of neutral lipid 
fractions (NL+mye and NL-mye). Induction of 
GUS in transgenic potato roots was observed 
with PL+mye extracts from different plant spe- 
cies, including plantain, potato, and maize (Zea 
‘mays L,), but did not develop when PLs from 
nonmycorhized roots of these species were 
applied (table SI), Moreover, PL extracts from 
‘AM fungal material, such as domant spores, 
‘germinated mycelium, presymbiotic mycelium, 
or extrandical hyphae, were inactive (table $1). 
GUS staining was detected in roots treated with 
bioactive PL preparations, predominantly in the 
‘zone behind the root tip (Fig, 1A), which is the 
zone of AM fungal colonization. To verify in- 
duction of mycontiza-inducible phosphate trns- 
porter genes, we performed reverse transcription 
polymerase chain reaction (RT-PCR) with RNA 
fram potato rots trated with PL-mye or PL+mye 
from plantain roots. Transcripts encoding the two 
inducible phosphate transporters StPT3 and non- 
orthologous SiPT4 accumulated specifically after 
infiltration of PL*myc, whereas the level of con- 
stitutively expressed and AM-nonesponsive SiPT1 
(6) tanscripts remained constant (Fig. 1B). Over 
all, these results indicate the presence of signals 
in PL+mye extracts that can specifically activate 
mycorthizat-specific transporter gene expression. 

In previous woek, undifferentiated i 
cultured plant cells proved useful to identify 
and characterize signals derived from both plant 
pathogens and symbionts (7, 8). The cells re- 
spond to these signals with rapid, characteristic 
changes in ion fluxes across their plasma mem- 
‘brane, which result in a change in the extra- 
cellular pH. We used suspension-cultured tomato 
cells to study their response to root lipid (L) 
and PL extracts. Rapid extracellular alkaliniza- 
tion was observed upon treatment of cells with 
L+mye and PL+myc extracts, whereas equiv- 
alent extricts from nonmycontized roots failed 
to evoke a rise in extricellular pH (fig. SI and 
Fig. 2A). Alkalinization was dose-dependent and 
saturable (fig. $2) and resembled the response of 
these cells to microbial elicitors, as exemplified 
for the bacterial pat molecular 
patiem (PAMP) fg22 (fig. SI and Fig. 2A). 
However, the L+mye and PL+mye preparations 
did not induce Ca influx in these cells (fg. S3A), 
nor did the PL~mye and PL-mye preparations 
induce production of reactive oxygen species 
(ROS) in plant leaves (fig. S3B), two other re- 
sponses typically observed afler treatment with 
known elicitors like flg22, Instead, tomato cells 
responded with the accumulation of transcripts 
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encoding LePT4 when treated with PL+mye but 
nt with PL-myc (Fig. 2B) LePT4 is a phosphate 
transporter from tomato that & nomaly induced 
by AM fungal colonization of comtex cells and is 


fonhologous to SIPT4 (9). This induction of a 
nomally mycomhiza-specific gene prompted us 
to further use medium alkalinization in cultured 
tomato cells as a rapid and reliable assay 
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Fig. 2. Effects of lipid extracts on suspension-cultured tomato cells. (A) Shift in extracellular pH after 
10 min of treatment or at the pH maximum reached within ~35 min of treatment with PL extracts from 
imycorthized (PL+mye) or non-mycorthized (PL-myc) roots, defined PLs or flg22 as indicated. PL extracts 
were applied at 15 ulmi of suspension; defined Pls, at 100 j:M and flg22, at 1 jh, Results show 
means and standard deviations of three replicates. Controls label indicates treatment with solvent 
(methanotwater, 1:9); PCSbA,, PCsb treated with PLA, (from bovine brain). (B) RT-PCR performed on 
RNA from tomato cell culture after application of PL-myc and PL+myc from plantain roots. Gene- 
specific primer pairs for LePT and LePT4 were used. Non-reverse-transcribed RNA samples (-RT) were 
used to test absence of genomic DNA in the RNA samples. Shown is the inverted picture. 
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Fig. 3. Positive-ion MALDI-TOF mass spectra for LPC in PL fraction originating from myconthized (A) and 
nonmycorrhized (B) roots after chromatography. MALDI spectrum of PCsbA2 (C) and of commercially 
‘available LPC (D). Numbers indicate the peak position (mic) of the protonated form of different LPC 
molecular species, Species 1 is LPC 16:1; 2, LPC 16:0; 3, LPC 18:3; 4, LPC 18:2; 5, LPC 18:1; and 6, LPC 18:0. 


wawwsciencemag.org 


toward the identification of the “signal” present 
in the PL+mye extrac. By using various separation 
techniques coupled to mass. spectrometry, we 
identified lyso-phosphatidycholine (LPC) asa 
candidate bioactive compound. To prove the bio- 
activity of LPC directly, we teed commarially 
‘available phosphatidylcholine fiom soybean (PC3b). 
This preparation did not provoke any response 
in the cell culture (Fig. 2A). However, when PCsb 
‘was hydrolyzed with phospholipase A> (PLA:) 
to release LPC, the preparation induced a strong 
alkalinization response (Fig. 2A), indicating that 
LPC might be the active signal, Indeed, com- 
‘mercially available LPC from egg yolk (LPCey) 
and soybean (LPCsb) induced alkalinization in a 
saturable and dose-dependent way (Fig. 2A and 
fig. S2B) but did not induce other responses 
typically observed alter f1e22 weatment, includ- 
ing production of ROS and ethylene in plant 
leaves (fig. $3, B and C), 

Based on these findings, PLs from mycor- 
tized and nonmyconized roots were analyzed 
bby mutrixassisted Laser desomtion ionization’ 
time of light mass spectrometry (MALDI-TOF- 
MS). This revealed the presence of distinct 
Signals that specifically occurred in the PL+mye 
fractions. Molecular ions at m/z = 494.3, 496.3, 
518.3, $20.3, $22.3, and $24.3, indicative of 
LPC containing C16:1, C160, C183, C182, 
C18:1, and C18:0 fatty acids at sn-1 position, 
Wore detected (Fig. 3, A and B), Moreover, after 


Fig. 4 Effect of LPC on phos: A 
phate transporters in potato 
roots. (A) RFPCR with RNA 
from potato roots treated 
for 3 hours with LPCsb or 
the solvent as contol. Gene 
specific primers for StPT2, 
SUPT3, and StPT4 were used. 
Non-teversetranscribed RNA 
samples (-RT) did not give 
‘ise to amplification of cONA, 
indicating absence of ge 
nomic DNA in the PCR tem- 
plates. Shown isthe inverted 
picture, (B) StP73 promoter— 
driven expression of GUS re- 
porter gene in transgenic 
potato roots after treatment 
with a solvent control (meth- 
anokwater, 1:9), LPCsb, or 
synthetic LPC with defined 
fatty acd 18:2, as indicated. 
Scale bars, 100 ym. (© Per- 
‘centage of root tps with GUS 
staining after 3 hours of 
treatment with a solvent con 
trol LACSb, LPC 28:1, and 
Iyso-phosphatiethanolamine 
(4PO, Compounds were ap- 
plied at 100 pM, Bars show 
means of three independent 
experiments with each n> 
20 root tips, and error bars 
indicate standard deviations of the three replicates. 
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treatment of PC with PLA», releasing the fatty 
acid at position sn-2 of PC (/0), molecular ions 
with the same masses were detected (Fig. 3C). 
This pattem of molecular ions was also observed 
in LPCsb (Fig. 3D). Nanoflow reverse-phase fiq- 
tuid chromatography (LC) separation and quan- 
tification of LPC revealed thatthe relative amounts 
‘of monounsaturated LPC species 16:1 and 18:1 
in PL+myc extracts were higher than those 
present in LPCsb (fig. S4). LPC concentration 
in PL+mye was estimated to be 4 yM, whereas 
LPC amounts in PL-myc accounted far 05% of 
the amount in PL+myc. Thus, our analyses in- 
dicated that LPC might be the bioactive ingredient 
in PL+mye to induce myconthiza-specific phos- 
phate transporter gene expression. Next, exter- 
nally applied LPC was shown to be the signal 
inducing phosphate transporter genes in non- 
mycomhized roots directly. AS compared with 
solvent controls, SPT3 and SiPT4 wanscripts ac- 
‘cumulated in potato roots that had been infillrted 
with LPC (Fig. 4A). In contrast, transcript con- 
‘centrations of the AM-nonresponsive SiPT7 gone 
(9) remained constant (Fig. 4A). We then looked 
at the GUS response in transgenic potato roots 
ccanying the SiPT3 promoter- GUS chimeric gene. 
Similar to the activity seen in roots infiltrated with 
PLemyc (Fig. 1A), GUS activity in roots was 
stimulated by LPCsb and synthetic LPC with 
the fay acid C18:1 (Fig. 4, B and C). In addi- 


tion, no increase in GUS staining was observed 
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when transgenic roots were treated with lyso- 
‘phosphatidylethanolamine (LPE) (Fig. 4C). This 
result suggested selectivity for the phosphocho- 
line headgroup at s-3 position 

‘Apparently, the signaling pathway to acti- 
vate the mycorthiza-specific phosphate trans- 
porters has its origin in the PL PC, a major 
‘component of membranes of plants and, prob- 
ably, also of the AM fungus. However, PC is 
not active in itself. It gains activity only after 
treatment with PLA; (Fig. 2A and Fig. 3C), 
‘suggesting an important role of this enzyme in 
the establishment of the mycorrhizal Pi uptake 
pathway. Whether the production of the LPC 
signal involves PLA; and PC from plants, fingus, 
‘or both remains to be explored further, Several 
PLAvs have been identified in plants, and all 
are secretory proteins (//); their regulation and 
substrate specificities are unknown. This might 
hhint at an extracellular production of the LPC 
signal, However, in the AM symbiosis, the phos- 
phate transporter genes appear to be activated 
‘quite specifically in the arbuscule-containing 
cells (5, 6). Therefore, the LPC signal might 
‘be generated more specifically in the arbuscule- 
‘containing cells, LPCs are highly mobile within 
intact cells, and LPC is therefore a good can- 
didate for a cytoplasmic messenger that trans- 
duces signals to activate downstream processes 
and gene expression in the nucleus. 

PLAz-dependent activation of the defense 
responses involving LPC as a putative signal has 
‘been reported in plants (/2, 13). Interestingly, 
‘comparative transcriptomics in rice revealed a 
set of genes that was similarly expressed in as- 
sociations with symbiotic and pathogenic fun 
revealing @ conserved response 10 fungal co 
‘nization (14), Together with the findings of this 
report, this suggests commonalities between 
the signaling pathways in (i) wounding (/5) and 
pathogen attack and (ii) cellular colonization of 
cortical cals with AM fungi. We observed sim- 
ilaritcs but also differences in the responses of 
tomato cals treated with mycorizal LPC and 
with the bacterial PAMP fg22. Further work is 
required to study the overlap between signaling 
‘pathways in response to AM fungi, to herbivore 
attack, and to PAMPs in plant innate immunity. 

Iis well documented that LPC is bioactive 
in mammals. An increasing amount of evidence 
thas suggested that LPC is involved in the ac- 
tivation of inflammatory responses (16, 17). Per- 
ception of LPC can occur through binding to G 
‘protein-coupled receptors (/8). Furthermore, pos- 
sible roles of LPC as functional vaccine (/7) ot 
second messenger have been discussed, under 
lining the functional importance of LPC in cel- 
lular responses. 

In plants, PLA, and its lysolipid product LPC 
hhave been reported to be involved in numerous 
cellular processes (/9), including cytoplasmic 
acidification, which is accompanied by extracel- 
lular medium alkalinization, with the latter lead- 
ing to alterations in gene expression (20). So far, 
‘experimental evidence for a participation of PLs 


12 OCTOBER 2007 


267 


Bl eceor's 


268 


in plant signaling and alteration of gene expres- 
sion has only been demonstrated for phosphatidic 
acid, which is produced through the activity of 
phospholipase D (21). Therefore, further research 
‘on LPC generation and signaling ean hopefully 
{ell us more about the evolution of response reg- 
‘ulation in plants and mammals, including that in 
the development of the AM symbiosis. 


References and Notes 
1. S.E. Sith FA. Sith, kebsen, Plant Physio. 233, 
16 (2003, 
2. H. Javot RV, Penmetsa, N. Terzaghi OR Cok 
IM) Haran, Pc, Natl. Acad, Sel USA. 308, 1720, 
Goon, 
V. Kaan, M. Bucher, Trends anti. 10 22 2008 


3 
4, D, Maeda et a, Pant Cel Physiol 47, 807 (2008). 
S.C. Rausch ef a, Mature 444, 462 (2000) 

6, V Karandashow, R Nagy, 5. Wegmuller, N.Amseln, 


WM. Bucher, Proc. Nol. Aad. Sc US.A 102, 6285 2008 


7. V.Telistom eta, lant Pysil 143, 225 (2007). 
8. C Diplel e ol, Name 428, 764 (2008. 

9. R Nagy etal. Pant J 42, 236 2005), 
0. 
" 


M Paki ef ol, Ana Biochem. 308, 1 (2002) 

HLY. Lee etal, Prog. Lip Res. 48, 52 (2005) 

12. J. Marvaer-Vasquet, | RernChristensen, CA. Ran, 

Plat Cll 14, 2249 01999). 

13. 1. Vielweges, We Schwarta, 8. Schumann, W. Lin, 
W, Roos, Pant Cel! 38, 1510 2008), 

WA, 5. Guimilet al, Proc. Natl Acad Se. USA 102, 8066 
(2005) 

1S. LT aj, CP Canstabel Mew Pty. 172, 617 
(2006), 

16, S Bente eta, Boch Bephys: Act 1761, 1014 2008. 

VL Petin-Cocon eto, Vaccine 24, 1254 (2006) 

1B. J. Qo et alm} Physiol. Lug Cell Mod. Psi 291, 
(71 2006), 

19. Heer, T. Muni, Annu, Rex. Pant Bik 54, 265 
(2003), 

20. |. Zhao, L C Davis. Verpoote, Biotechnol Ady. 23, 
283 (2005). 

21, T. Munn HM, FEBS Lett 498, 172 (2000), 


Functional Divergence of 
Former Alleles in an Ancient 
Asexual Invertebrate 


‘Natalia N. Pouchkina-Stantcheva,™* Brian M. McGee,? Chiara Boschetti,* Dimitri Tollete 


Sohini Chakrabortee,” Antoaneta V. Popova,’ Filip Meersman,“t David Macherel,” 


Dirk K. Hincha,” Alan Tunnactiffe®s 


Theory suggests it should be difficult for asexual organisms to adapt to a changing environment 
because genetic diversity can only arise from mutations accumulating within direct antecedents and not 
through sexual exchange. In an asexual microinvertebrate, the bdelloid rotifer, we have observed a 
‘mechanism by which such organisms could acquire the diversity needed for adaptation. Gene copies 
‘most likely representing former alleles have diverged in function so that the proteins they encode play 
‘complementary roles in survival of dry conditions. One protein prevents desiccation-sensitive enzymes 
from aggregating during drying, whereas its counterpart does not have this activity, but is able to 
associate with phospholipid bilayers and is potentially involved in maintenance of membrane integrity. 
The functional divergence of former alleles observed here suggests that adoption of asemial 
‘reproduction could itself be an evolutionary mechanism for the generation of diversity. 


have survived for tens of millions of 

years without sexual reproduction and 
‘meiotic recombination (1-4). Male bdelloid roti- 
fers have never been observed, and the genetic 
‘evidence is consistent with fully asexual repro- 
duction by thelytoky. Long-lasting asexual lin- 
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cages are thought 1 be rare because their 
apomictic nature does not allow the accumulation 
Of favorable, or the elimination of detrimental, 
‘mutations through genetic exchange (5-7). How- 
ever, one consequence of apomixis is that the 
sequence homogeneity of gene copies that pre- 
viously were alleles in sexual ancestors is no 
Jonger maintained by recombination. This allows 
the former alleles to accumulate mutations and 
become divergent—a phenomenon refered to 3s 
the Meselson effect (8), Thus, in sexually re- 
producing monogonont rotifers (Rotifera, Mono- 
{gononta) alleles differ very litle from each other 
at synonymous sites (by up to 2.4% for hsp82), 
but comesponding gene copies in individual 
bdelloid clones can difler by as much as 49% 
(D. In principle, this effect should allow inde- 
pendent evolution of former alleles through 
which they can acquire different functions. 

We looked for evidence of functional diver- 
gence among former alleles in a gene set asso- 
‘cited with desiccation tolerance in bdelloid 
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rotifers (9, 10). CDNAS representing ~100 
dchydration-induced genes from the bdelloid 
rotifer Adineta ricciae were identified, one of 
which encoded a polypeptide related tothe group 
3 late embryogenesis abundant (LEA) proteins 
characterized in plant seeds. LEA proteins are 
linked with desiccation tolerance in plants, in- 
vertebrates, and microorganisms (//). We identi- 
fied two similarbut distinct sequences and named 
them Ar-lea-1A and Ar-lea-1B, Both genes 
‘contain nine small introns (Fig. 1A), although 
there is a major structural difference in exon 2, 
which in Arlea-4 contains a 132-base pair (bp) 
segment with no counterpart in Ar-tea-/B. 
Aligned coding sequences show 13.5% synony- 
mous site divergence (K,) over the whole gene. 
This divergence is much greater than that 
‘observed between alleles of sexual animals, but 
is within the range of values observed in 
‘bdelloids for former allele pairs (/, 3, 4, 8). 

To confirm the presence of two lea gene 
‘copies in the A. riceiae genome, Southern hybrid- 
ization experiments were performed with probes 
from both the S' and 3° ends of Ar-fea-1B, Ww 
cross-hybridize to the corresponding regions of 
Ardea-IA(Fig. 1B). Both genes reside on ~5.0-kb 
Dra I genome fragments, but these could be 
distinguished by double digestion with either Eco, 
RI of Nde I; a restriction map of each gene was 
constructed accordingly (Fig. 1, A and B). As 
further confirmation of lea gene copy number, 
uorescence in situ hybridization (FISH) was 
carried out on A. ricciae embryo nuclei. Cyto- 
‘genetic analysis shows 12 chromosomes in this 
species (Fig. 1C, left), as inthe related species, A. 
aga (12). Hybridization with a fluorescent probe 
corresponding to the whole of Ar-lea-1A 
produced two signals in interphase nuclei, 
consistent with detection of /ea genes on two 
separate chromosomes (Fig. 1C, right). Our 
cloning and hybridization data show two related, 
‘but divergent, /ea genes on different chromo- 
somes in A. ricciae, and we interpret these to be 
formerallees that have diverged by the Meselson 
effect Other interpretations are possible, for 
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‘example, thatthe ancestral bxelloid was the result 
of a hybridization event between species with 
‘unusually similar ea genes, and that one copy of 
‘one lea gene from both parents was subsequently 
lost. However, the simplest interpretation, con- 
sistent with the current understanding of bdelloid 
‘genome structure and evolution (1, 4, 8), is that 
the two lea genes are divergent former alleles. 
Recent studies suggest that baelloid rotifers have 
four copies of some genes located on separate 
chromosomes, which may indicate that they are 
ancestrally tetraploids (J, 2), in which the four 
‘copies are two gene pairs that correspond to two 
pais of former alleles (3), We have not obtained 
evidence to date for a second lea gene pair, 
although we cannot rule out that they are present 
in the genome but too divergent for us to detect 
with Arlea-TA sequences. 

Expression of the fea genes was shown by 
{quantitative polymerase chain reaction (PCR) 
10 increase about sevenfold over 24 hours of 
drying (fig. SI and table S1). A similar pattem 
oof expression of fea genes during dehydration 
thas been observed in other anhydrobiotic in- 
Vertebrates (//) and is consistent with a role in 
desiccation tolerance. 

The predicted protein sequences of 
AMLEAIA and ArLEAIB are very similar, 
differing only at 12 amino acid sites of 376 
aligned positions; ArLEAIA is longer by 44 
amino acids because of the 132-bp indel in 
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exon 2 (Fig. 2A). Both sequences have at least 
four variants of the loosely conserved 11 
amino acid motif characteristic of group 3 
LEA proteins (11, 13) (Fig. 2A and fig. S2A), 
although positions 4 and S are more likely 10 
be apolar. The ArLEAIA and ArLEAIB 
proteins both have a 19-residue hydrophobic 
sequence at the N terminus, revealed by a 
hydropathy plot (/4), and a putative variant 
endoplasmic reticulum (ER) retention signal, 
ATEL, at the C terminus (Fig. 2A and fig. S2). 
This suggests that these proteins are localized 
10 oF transported through the ER. Most group 
3 LEA proteins are highly hydrophilic, with a 
mean hydropathy (GRAVY) score of -0.97 
[SD 030; m = 30; dataset of (/5)], but both 
bdelloid proteins score -0.46, similar to 
moderately hydrophilic proteins, such as bo- 
vine serum albumin (BSA) (GRAVY: -0.43). 
This reduced hydrophilicity of the bdelloid 
LEA proteins is unusual and may impact their 
structure. 

Group 3 LEA proteins are largely unstruc- 
tured in solution, probably because their extreme 
hydrophilicity favors interaction with water over 
intrachain binding. but they show increased 
folding when dried or associated with phospho- 
lipid bilayers (11, 16). Secondary structures of 
recombinant forms of AFLEAIA and ArLEAIB, 
‘without putative N-terminal signal peptides, were 
examined by faruliraviolet (far-UV) circular 


Fig. 2. Genomic organiza 
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dichroism (CD) spectroscopy in hydrated and 
dey states. CD spectroscopy of ALEALA gavea 
solution spectrum with a single minimum at 
~200 nm and low ellipticity at 222 nm, consistent 
With a disordered structure. However, when 
dried, its spectrum changed markedly, showing 
minima near 208 nm and 222 nm, indicative of 
‘an ochelix (Fig. 2B). In contrast, AFLEAIB has 
‘an c-helical structure in the hydrated state, which 
‘does not change appreciably on drying (Fig. 2C). 
Secondary structure content calculated from CD 
spectra showed that in ArLEALA the proportion 
of ochelix increased from 29 to 84% on drying, 
whereas Ar LEAIB was 82% a-helix in solution, 
increasing slightly to 87% when dry. Protein 
denaturation analysis was performed by moni- 
‘oring unfolding at 222 nm on exposure to urea at 
a range of concentrations from 0 to 6 M. For a 
‘ypical globular protein, unfolding is cooperative 
and yields a sigmoidal curve, However, structure 
in ArLEAIB was lost linearly with increasing 
urea concentration (fig. S2E), which suggests 
that it exists as a premolten globule without 
significant tertiary structure in solution (/7). The 
relatively small differences in primary structure 
of the bdelloid LEA proteins are therefore respon- 
sible for markedly different secondary structure, 
We tested whether the structural differences 
between AFLEAIA and ArLEAIB are reflected 
in functional divergence, LEA proteins preserve 
the activity of desiccation-sensitive enzymes 
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of A. ricciae lea genes. (A) Schematic representation of Ar-lea~ 
JA and Ar-lea-1B genes within S-kb Dra | fragments. introns are depicted as numbered 


boxes (red) below lines (scaled dark gray) indicating the sequenced region containing each 
gene. Genomic organization outside these regions (light gray) is deduced from Southern 


hybridization analysis. Ar-leo-1B fr 


yments indicated by labeled bars (blue) correspond to 


probes used in Souther hybridizations. (B) Southem hybridization of A ricciae genomic 
DNA with fea gene probes. Each panel contains genomic restriction digests with Dra J, Ora VEco Rl, and Dra UNde |, respectively. Size marker positions 
are indicated. (C) A. ricciae karyotype and FISH with lea gene probe. (Left) The 12 chromosomes of A riccige in a single mitotic nucleus from an 
embryo stained with 4',6diamidino-2-phenylindole (DAP). (Right) Interphase nucleus hybridized at high stringency to Ar-lea-2A probe labeled with 
Alexa 488, Red (superimposed, false colort: fluorescent signals; blue: DAPI-labeled DNA. Scale bar: 2 ym. 
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during drying (/3-20), at least partly through ability of both bdelloid LEA proteins to behave 
prevention of aggregation, in what is called mo- as molecular shields by inhibiting desiccation- 
lecular shield activity (2/). We investigated the induced aggregation of citrate synthase (CS). 
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Fig. 2. Primary and secondary structure of A. ricciae LEA proteins. (A) Alignment of AYLEALA and 
AILEAIB protein sequences showing repeated 11-oligomer motifs. ArLEALA is 420 residues long with a 
(predicted) molecular mass of 44,5 KD, whereas ArLEAIB extends for 376 residues with a (predicted) 
molecular mass of 39.8 KD. Near canonical motifs are orange, green, and yellow; degenerate motifs are 
‘gray; highlighted residues differ between the two proteins. The 44-residue indel, shown by dashes, is 
‘identical to a more N-terminal sequence whose 11-oligomer motifs are also highlighted orange-yellow- 
‘gray-orange. A putative signal peptide is overlined at the N terminus. (B and C) Far-UV CD spectroscopy of 
AILEAIA and ArLEAIB in solution and dry state. 


Fig. 3. Bdelloid LEA protein antiaggregation 
assay. Citrate synthase (CS), with or without LEA 
proteins or BSA, and the latter proteins alone 
where indicated, were subjected to two cycles of 
vacuum drying and rehydration. Light scattering 
‘by protein particulates was measured by apparent 
absorption at 340 nm in the spectrophotometer. 
Error bars show standard deviation (n = 3); ns, not 
significantly different (P > 0.05); significant values 
*P < 0.05 or “P < 0.001. 
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When subjected to drying and rehydration, CS 
partially denatures and forms particulate agere- 
gates; however, when dried in the presence of a 
‘group3 LEA protein, suchas AavLEA\ from the 
‘nematode Aphelenchus avenae (22), CS agere- 
¢gation is suppressed (Fig, 3), Other proteins, such 
as BSA, are not effective. ArLEALA was found 
to reduce CS aggregation as expected, although 
{0 a leser extent than AavLEA\, perhaps because 
‘ofthe lower hydrophilicity of ArLEA1A compared 
with the nematode protein. However, ArLEAIB 
‘behaved differently, and drying of CS in its presence 
‘resulted in incrensed aggregation compare wit CS 
dried alone. Indoad, AFLEA IB itself is prone 19 ag- 
‘gregation (Fig 3), which ArLEAIA and AavLEA1 
‘are not, possibly because of its more structured 
nature. Thus, AFLEAIA shows molecular shield 
activity in commen with other group 3 LEA pro- 
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Fig. 4. Bdelloid LEA protein membrane associa- 
tion. infrared spectra of the asymmetric phosphate 
stretching region of POPC liposomes dried alone or 
‘in the presence of AILEAIA, ATLEAIB, or AavLEAI. 
Spectra were recorded at 78°C (iquid-cystaltine 
phase). The solid curve comprises both the mea- 
sured (dots) and fitted absorbance curves. Normal- 
‘ized peaks were fitted into two bands with maxima 
‘at 1262 and 1242 cm™ corresponding respective- 
ly to vP=Oa5pee (short dashes) and vP=OaSsount 
(long dashes). 
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teins, but ArLEAIB does not and is itself sensitive 
to desiccation. 

Some LEA proteins have a capacity to asso- 
ciate with and stabilize phospholipid bilayers on 
dehydration (J, 16, 23). Membrane intersction 
‘was assessed with Fourier transform infrared spec- 
troscopy of liposomes dried in the presence of the 
bbdelloid LEA proteins or AavLEAI. The gelo- 
liquid crystalline phase-trasition temperature (Ty) 
‘of dried palmitoyl oleoy! phosphatidyleholine 
(POPC) vesicles (59.8° + 1.2°C) was notafected 
by the presence of AFLEATA (58.2° + 1.1°C) oF 
AavLEAL (61.9? + 5.3°C). However, ArLEAIB 
significantly decreased Ti, 10 518° +2.9°C, which 
indicates that it interacts with lipids. Further exam- 
ination ofthe spectra in the asymmetric phosphate- 
stretching region revealed a distinct effect of 
ArLEAIB with a marked shoulder at 1242 on * 
(Fig. 4), The peaks were resolved into two com- 
‘ponents attbuted t0 vP-Oaspq (1262 em") and 
vP-Oas H-bonded (1242 em ') (24), similar to the 
effect of water and sugar (25). The eoration co 
efficients for the fited curves: were higher than 
(0,999. The small bonded P-O population in the 
absence of protein i because of intetipid charge 
pair interctions between PO and choline groups, 
‘whereas the separation of the two P=O pepulations 
is probably because ArLEA IB was only in contact 
‘with the outer monolayer of the liposomes (26). 
Cleary, a greater proportion of PO groups are H- 
bbondad in the presence of ArLEATB compared 
With AFLEA 1A (42% as qpposed to 30%), whereas 
AavLEA has an intermediate valve (36%). These 
results show that ArLEAIB has a stronger pro- 
ppensity to infersct with dry phospholipid: mam- 
‘branes than ArLEALA and AavLEAL 

Tn summary, the bdelloid LEA proteins, en- 
coded by gene copies representing former alleles, 


have different structures and functions. These fune- 
tional differences are likely tobe adaptive, because 
prevention of protein agesegation and protection of | 
‘cellular membranes are essential for survival of 
desiccation (/0, 27). The presence of comple- 
mentary adivities in a single gene pair of a 
desiccation-tolerant bdelloid rotifer illustrates the 
potenti for functional diversity resulting from 
divergence of former alleles. The process of aban- 
doning sexual reproduction and meiosis, and the 
resulting sequence homogenization of homologous 
chromosomes, is Similar to genome duplication, 
which is a major evolutionary force (28, 29) that 
results in orthologous genes evolving relatively in- 
dependently. Similarly, apomixis could drive evo- 
lutionary change by allowing former alleles 10 
diversify in function and may partly explain how 
bdelloid rotifers have, without genetic exchange, 
diversified into almost 400 taxonomic species 
G0, 30). 
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Target Protectors Reveal Dampening 
and Balancing of Nodal Agonist 
and Antagonist by miR-430 


Wen-Yee Choi,” Antonio }. Giraldez,*** Alexander F. Schier** 


‘MicroRNAS (miRNAs) repress hundreds of target messenger RNAs (mRNAs), but the physiological 
‘oles of specific miRNA-mRNA interactions remain largely elusive. We report that zebrafish 
imicroRNA-430 (miR-430) dampens and balances the expression of the transforming growth 
factor (TGF-A) Nodal agonist squint and the TGF-B Nodal antagonist lefty. To disrupt the 
interaction of specific miRNA-mRNA pairs, we developed target protector morpholinos 
complementary to miRNA binding sites in target mRNAs. Protection of squint or lefty mRNAs from 
‘miR-430 resulted in enhanced or reduced Nodal signaling, respectively. Simultaneous protection of 
squint and lefty or absence of miR-430 caused an imbalance and reduction in Nodal signaling. 
‘These findings establish an approach to analyze the in vivo roles of specific miRNA-mRNA pairs and 
teveal a requirement for miRNAS in dampening and balancing agonist/antagonist pairs. 


icrORNAs (miRNAs) are small RNA 
Mees ~22 nucleotides long and 
function to block the translation and 
enhance the decay of target mRNAs (1). Recent 
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studies have uncovered activities of specific 
miRNA families and have identified hundreds 
of putative target mRNAs (1-3). However, the 
physiological roles of specific miRNA-mRNA 
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pairs are largely unknown (/, 2), To develop a 
method to disrupt specific miRNA-mRNA 
pairs, we focused on the zebrafish microRN, 
430 (miR-430) family, This miRNA family 
hhighly expressed during early zebrafish devel- 
‘opment, targets hundreds of mRNAs, and is 
‘required for embryonic morphogenesis and clear 
ance of matemal mRNAs (4, 5). Analysis of 3° 
untranslated regions (3'UTRs) with sites comple 
mentary to miR-430 identified squint (sq), a 
member of the Nodal family of transforming 
‘growth factor: (TGF-B) signals, and /f/ and (2, 
members of the Lefty fumily of TGF-B signals 
(fig. S1). Nodals are the key regulators of mes- 
‘endoderm induction and left-vight axis formation, 
whereas Lefiys act as antagonists of Nodal signal- 
ing (6, 7). The balance between Nodals and Leftys 
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determines the extent of mesendoderm formation 
(6-8) (ig. S1). Given their potent and concentration- 
dependent effects, we hypothesized that miR-430 
might be required to dampen these signals, 

Four lines of evidence indicate that sgt 
Uf, and [f2 are in vivo targets of miR-430. (i) 
Reporter mRNAs consisting of the green fluo 
rescence protein (GEP) coding region and fall- 
length sqf, ii, or If2 YUTRS were repressed in 
the wild type but not in MZdicer mutants, which 
lack all mature miRNAS including miR-430. 
Derepression of reporter genes was most pro- 


nounced for /f2 and least marked for ft, su 
gesting that [2 is more strongly repressed by 
‘miR-430 than sgt and Jf! (Figs. 1A and 2D and 
figs. S2 and SS) (il) Mutations of two nucleotides 
within the miR-430 target site (GCACUU to 
GGUCUU) abolished repression of reporter 
mRNAs (Fig. 1A and fig. $2). (ii) Endogenous 
expression of sgt, fil, and If2 mRNAs was 
increased in MZdicer rmutants (Fig. 3, A and B, 
and fig. $2). iv) Misexpression of sq, ft, oF 2 
mRNAs containing mutated miR-430 binding 


sites (age "U7, ygpmerseT™ azmeed TH) 


resulted in higher physiological activity (Fig. 1, 
B to F, and fig. $2). These results indicate that 
miR-430 represses sgt, ffl, and Ifi2 expression 
and activity 

‘To study the physiological role of miR-430sgt 
and miR-430/fi interactions, we developed a 
method 10 disrupt the interaction of miRNAs 
With target mRNAs, RNA-binding morpholino 
antisense oligonucleotides are commonly used in 
zebrafish to block the translation or splicing of tar 
get RNAs (9-11). We reasoned that morpholinos, 
with miRNA target sites might inter- 
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Fig. 1. miR-430 represses sat and ift2 expression and activity. (A) mRNAs 
for GFP reporters (green) containing the 3'UTRS of sat or #t2 are co-injected 
with control DsRed (red) mRNA. Expression is analyzed at 25 to 30 hours 
postfertilzation (hp). Wild-type (wt) reporters are repressed in wild-type 
‘embryos as compared to MZdicer mutants. Repression is abolished by 
mutations in the predicted mi-430 target sites. Predicted pairings of the 3 
UTRS to miR-430 are shown. The ift2 reporter appears more strongly 
repressed by miR-430 than the sat reporter. (B) Outline of activity assays 
sqt or t2 open reading frame (ORF) with either wild-type or mutated 3'UTR 
is injected at the one-cell stage. mRNA activity is assessed at 50% epiboly 
(-5 hp?) by RNA in situ hybridization of at 25 to 30 hpf by morphology. (C) 
Embryos injected with 2 pg of wild-type Ift2 mRNA appear similar to 


Fig. 2. miRNA target 


Tae cL coc} E 


uninjected controls, whereas injection of 2 pg of 24" mRNA causes 
cyclopia (arrow) and loss of trunk mesoderm (arrowhead), hallmarks of 
‘reduced Nodal signaling. (0) Physiological activity of sqt or Yft2 mRNA 
assessed by fascin (fos) induction, a marker for Nodal signaling activity. 
tz" mRNA (2 pg) causes a stronger decrease in fas induction than 
wild-type If2. sqt”™*2¥"" mRNA (2 pq) leads to greater ectopic induction of 
fas than wildype sot. (E) Percentage of embryos with decreased Nodal 


signaling (cyclopia and loss of trunk mesoderm) at increasing concentrations, 
‘of wild-type [2 or It2™7Y™ mRNA. (F) Percentage of embryos with 
increased Nodal signaling (ectopic gsc induction covering >50% of the 


animal pole) at increasing concentrations of wild-type sqt or sqt’"™*?U™" 


mRNA, 


ee 


Protectors (TPs) interfere A FP trae 

with specific miRNA-mRNA oC EEE Wn ¢ a 
interactions. (A) Expert AU 

mental approach. Target om“) « I 


protectors are co-njected 
With GFP-teporters (green) 
into wild-type embryos 
and prevent miR-430- 
induced target repression. 
Predicted pains of sat 
TRS and t2TP 

to sat and 2 3'UTRS are 


shown. OsRed mRNA (red) ‘miR-430 saa = T 
is injected as a control mrans 


(B) Wild-type reporter is 
repressed. in wild-type 
embryos. (€ and B) Co- 
injection of sqt1P™**? 
‘oF mutation of miR-430 target site prevents GFP repression. (E) sqt-TP™** does 
not affect repression of f2-GFP reporter. (Ff-GFP reporter with introduced miR- 
1 target ste repressed in wil-ype embryos. miR-1is not expressed during early 
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zebrafish embryogenesis (G) sq-TP"*” preverts GFP repression in the absence of 
miR-L GH sqtTP"** does not interfere with activity of injected miR-1. (I) sat- 
TP does not interfere with miR-430 acivity 
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fere with miRNA-mRNA interactions, thus protect- 
ing the target fom the miRNA. (target protector, 
‘TP) (Fig. 2A). Specificity would be attained by the 
sequences unique to the YUTR. To test this 
strategy, We analyzed the effet of morphotinas 
‘complementary othe region of the mi-430 tanget 
sites in the sgt or ff 3UTRs. Four lines of 
evidence indicate that TPS interfere with miR- 
430-mediated repression of specific 3'UTRS. (i) 
Injection of sqt-TP™""" blocked miR-430- 

induced repression of the sq?-GFP reporter (Fig. 
2, Bw D, and fig. $3). (ii) sqeTP™**” did not 


block repression of the /2-GFP reporter, sug- 
gesting that TPS do not induce cross-protection 
(Fig. 2E). (il) Control morpholinos complemen- 
tary to other regions of the sgt UTR did not 
prevent sgi-GEP repression by miR-430 (fig. $4). 
(iv) Injection of sqt-TPS into MZdicer mutants did 
not affect the levels of sqt-GFP reporter oF sgt 
gene expression, suggesting that TPs do not cause 
nonspecific stabilization of mRNAs (Fig. 3A and 
fig. $5). Comesponding results were obtained with 
'82-TP™*+™ (Fig 3B and figs. S2 to SS). To test 
‘whether TPs specifically block the interaction with 


REPORTS [ 


fone target site without affecting the interaction 
‘with other target sites in the same YUTR, we 
placed a miR-I target site into the sgt-GFP 
reporter (Fig. 2, F to 1). Protection of the miR- 
430 target site did not prevent miR-1-medisted 
GFP repression (Fig. 2H), and protection of the 
miR-1 target site did not interfoe with miR-430- 
mediated repression (Fig, 21), Taken together, 
these results indicate that target protection pro- 
vides powerful in vivo method to specifically 
investigate the role of individual miRNA-mRNA 
‘argo ste interactions. 

‘To determine the role of miR-430 repression 


‘of sgt, we analyzed sqt-TP™*™ injected em- 


ie 5, eergccone, A (aed sere) B [eee] S29] toe Similar to MZdlcer mutans, sg expres- 

(12 expresion. and activity: sion was elevated (Fig. 3A), Protection of sqf 

(A) sanTP™™"° injection re: ‘ 3] increased the induction of mesodermal marker 

sults in elevated sqt expres- || | 3 genes such as gonsecoid (gsc), indicative of 

‘sion, similar to the findir ‘ higher Nodal signaling during blastula stages 

MZdicer mutants. sqt-T (6, 8, 12) (Figs. 3C and 4B and fig. $6). The 

does not increase sat expres- increased gsc induction resulted from the protec- 

sion, in, MZdicer. (B) tR2- tion of zygotically transcribed but not matemally 

TP" injection results in loaded sgt (fig. $7), Ectopic gsc induction in sqt- 

elevated 12 expression, sim- TP™®© injected embryos was suppressed by a 

ilar to the finding jn.MZdicer morpholino blocking sqf translation, indicating 

mutants, (t2-TP™"*? does that sq-TP™'3" specifically increased sgt activity 

‘not increase 2 expression (Fig. 3C and fig, $6), To quantify the effects of 

in Madicer. (© sqt-TP™**°- increased Nodal signaling, we analyzed the number 

Anjected’ ecibryos, <éiatit of sox] 7-expressing endoderm progenitors and 

Domne Sarena dorsal forerunner cells during gastrulation (6, 8), 

Carona) at wo Forerunner cells are induced by Nodal signaling at 

he ection the dorsal margin and form Kuppfer's vesicle, an 

irre oe ean ual embryonic organ that functions during loft-ight 

‘bryos display cyclopia (arrow: axis formation (8, /3). Cell counting revealed an 

heads) that s suppressed by increase in the number of endodermal and fore 

covinjection of a t2-AUG runner cells in sat-TP™" embryos (Fig. 

morpholino. to E), These results suggest that miR-430 can 
‘dampen Nodal signaling by repressing sq/. 

Fig. 4. miR-430 main- seqeTP 2-TP)[_ MZaioor Midcer =*=] D e€ 

eave tana be a yf al “a = 

tween sgt and (f2. A) mn 

Schematics of miR-430 Q BQ @\e oe. “ 

regulation of sat (5) and PS a > 4 0) 

{ne (in wieype, wl al P| 

type + sat TP wile = 

type + lft2-1P' ane \ } i) 100 10 

+ 

tren zee, “RRERRDIE EE eEs 

wa haart = "SR "PTY 

bryos. Removal of mi- [mesma aera 

SS ape fe mk me 

case ress in increased P Pa 

se mae fo ope less deem 

sion. (8) gsc expresion is ~ 

reality st TPO sort? Ei sour — soe 


injected embryos and 

decreased in Uft2-1 injected 

ee a an 
at 50% 


induction is similar in wid- 
 MZdicer, and MZdicer*™**? 
emt epiboly. (C) saxt7 expression is reduced in wik-ype + sot- 
TPO 4 n2-TP™™™ and MZdicer embryos as compared to uninjected wild 
types at 75% epiboly. sax17 labels endodermal cells (bracket) and forerunner 
cells (arrowhead). (D) Quantification of sox27—expressing endodermal cells = 
to 10 embryos for each genotype per injection). (E) Quantification of soxZ7— 


Student’ t test, wild 
and wid-type + sat] 


< 0.02), and Mddicer: 


injection). (D and €) Endodermal and forerunner cell numbers vary from embryo 
to embryo. Bars represent mean + SEM, which are significantly different 
between wild-type and wild-type + sqt-TP™*° (P < 0.0005, 


two-tailed 
and wild-type + tft2-TP™"° (p< 10"), wild-type 
+ UR2-TP © (P< 10”), wild-type and MZdicer 


(P<:10), wildtype + 827"? and wild-type + sot TP™™>" + 1R2-TP™D 


and NizZdicer***°° (p < 10°) embryos. (F) Model for 


expressing forerunner cells (n= 12 to 35 embryos for each genotype per  miRNA-mediated balancing of an agonist and an antagonist. 
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To determine the in vivo role of miR-430 re- 
pression of If, we focused on If2 because the 
repression of /fi2 by miR-430 was more pro- 
‘nounced than it was for i! (Fig. 1A and fig. $2). 
12 target protection resulted in elevated /f2 
expression, similar to the finding in MZdicer 
mutants (Fig. 3B). 1f2-TP™*+- injected em- 
bryos displayed cyclopia, reduced gsc expres 
sion (Figs. 3D and 4B and fig. $6) (6, 8, 12), and 
fewer sax/7-expressing endodermal and fore- 
runner cells (Fig, 4, C to E), These results indi- 
cate that miR-430 can enhance Nodal signaling 
by dampening //2. 

To determine the role of miR-430 in simul- 
tancously dampening both sqt and (2, we eo- 
injected sqt-TP™**" and 12-TP”™"**". The 
induction of gse was not strongly affected in 
squift2-Te™ "+" embryos and MZdicer mu- 
tants (Fig. 4B), but the expression of sox/ 7 
revealed a reduced number of endodermal and 
dorsal forerunner cells in squift2-TP™™ em- 
bryos and MZdicer mutants (Fig. 4, C w E). 
‘These results indicate that loss of miR-430 regu- 
lation leads to an imbalance of sgt and /f inputs 
and reduces some outputs of Nodal signaling. 

ur study of miR-430 and Nodal signaling 
provides two major insights. First, the regulation 
of sqt and /f2 by miR-430 identifies a role for 
miRNAs as dampeners and balancers of agonist 
antagonist pairs andl reveals previously unknown 
regulatory layer of Nodal signaling (Fig. 4, A and. 
F, and fig. S1). miR-430 reduces the absolute 
levels of sgt and (/2 expression (dampening) and 
regulates their relative levels to achieve optimal 
activity of the Nodal pathway (balancing). The 
protection of sgt and /f2 from miR-430 does not 
appear to lead to major phenotypic changes 
during blastula stages (gse expression) but re 
duces Nodal signaling during gastruation (sore? 
expression), Because Nodal and Lefty signals 
hhave complex regulatory interactions (6, 7), 
multiple mechanisms might contribute to this 
temporal difference. For example, stronger de~ 
repression (Figs. 1A and 3, A and B) and longer 
persistence of /f2 after loss of miR-430 regu- 
lation could inhibit Sqt and the related Nodal 
signal Cyclops during gastrulation (6,8, 12). The 
‘regulation of Nodal signaling by miR-430 is likely 
tobe conserved, because mif-430 is found in other 
Vertebrates (miR-302, miR-372, and miR-519) and 
predicted miR-430 target sites are present in other 
‘Nodal and Lefty genes (ig. St) (4), More generally, 
‘our results reveal a regulatory interaction in which a 
repressor (miR-430) dampens the expression of 
both an agonist (sgt) and an antagonist (i) (Fig. 4, 
‘A and F, and fig. $1), Dampening might not only 
allow balancing of counteracting inputs but also 
add robustness (/4-18). For example, our overex- 
pression experiments show that th: embryo can 
{oleate increased expression of miR-430-regubsted 
sugt of fi mRINA, whereas loss of miR-430 
‘mediated regulation leads to gain-oF function phe 
nnotypes (Fig. IC and fig. $2). miRNA-mediated 
balancing of agonisvantaganist pairs might also 
contribute to the evolution of phenotypic changes. 
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‘The short region of sequence complementarity 
required for the recognition of miRNA target 
sites allows for the rapid acquisition, loss, or 
‘modulation of miRNA-mRNA target interactions 
(19-21). Our results raise the possiblity that tar- 
get sequence variations could change the balance 
‘of agonisvantagonist expression and induce phe- 
notypic changes such as the expansion or reduc~ 
tion of progenitor fields. 

Second, our study introduces a method t0 test 
the role of specific miRNA-mRNA pairs in vivo 
(fig. $8). Thousands of miRNA-mRNA inter- 
actions have been predicted, but less than a dazen 
have been shown to have an in vivo function 
2, 3), The sequence-selectivity of morpholino 
target protectors makes them excellent agents to 
disrupt specific miRNA-mRNA interactions, Other 
antisense oligonucleotides and small molecules 
that bind to miRINA target sites or their vicinities 
are also likely to serve as target protectors. Target 
protectors not only uncover the physiological 
role of miRNA-mRNA interactions, but also il- 
lustrate how miRNA phenotypes are a composite 
created by up-regulation of multiple gets (fig. 
'S8). Additionally, target protectors might serve as 
therapeutic agents (fig. $8). More than 30% of all 
thuman genes are thought to be miRNA tangets 
(1-3), By blocking the interaction of specific 
miRNA-mRNA pairs through the use of target 
protectors, the translation and stability of partic- 
tular MRNAS could be increased and result in the 
suppression of hy pomoxphic mutations or the up- 
regulation of beneficial gene products such as 
tumor suppressors or peptide hormones (fig. 8). 
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PKA Type Ila Holoenzyme 
Reveals a Combinatorial 
Strategy for Isoform Diversity 


Jian Wu,? Simon H. J. Brown,* Sventja von Dake,” Susan S. Taylor*** 


‘The catalytic (©) subunit of cycic adenosine monophosphate (cAMP-dependent protein kinase (PKA) is 
inhibited by two classes of regulatory subunits, RI and Ril. The Ril subunits are substrates as well as 
inhibitors and do not require adenosine triphosphate (ATP) to form holoenzyme, which distinguishes 
‘them from Ri subunits. To understand the molecular basis for soform diversity, we solved the crystal 
structure of an Rila holoenzyme and compared it to the Ria holoenzyme. Unphosphoryated Rila(90- 
400), 2 deletion mutant, undergoes major conformational changes as both of the cAMP-binding 

domains wrap around the C suburit’s large lobe. The hallmark of this conformational reorganization is 
the helix switch in domain A. The C subunit is in an open conformation, and its carboxyl-terminal tail is 
disordered. This structure demonstrates the conserved and isoform-specfic features of RI and Ril and 
the importance of ATP, and also provides a new paradigm for designing isoform-specific activators or 


antagonists for PKA. 


_yelic adenosine monophosphate (cAMP) 
is a universal signal for environmental 
sires. in mammalian cells, major recep- 


tors for cAMP are the regulatory (R) subunits of 
‘cAMP-dependent protein kinase (PKA) (J, 2). 
ALR subunits share the same domain organiza 


wawwsciencemag.org 


tion that includes a dimerization/docking (D/D) 
domain at the N terminus and two tandem C- 
terminal cAMP-binding (CNB) domains (do- 
‘mains A and B), The linker joining the DYD and 
‘CNB domains ishighly disordered in dissociated 
dimers (3) and contains an inhibitor site that re- 
sembles a peptide substrate and docks 10 the 
active site of the catalytic (C) subunit in the 
holoenzyme, thereby blocking its activity. 

‘The two major classes of R subunit (I and If) 
each have a and B isoforms, The isoforms are 
functionally nonredundant, and isoform diversity 
isa primary mechanism for achieving specificity 
in PKA signaling (4), The inhibitor site is dis- 
tinguishing feature of the isoforms. RII subunits 
‘have a phosphorylation site in their inhibitor mo- 
tif and thus sre both substrates and inhibitors, 
‘whereas RI subunits with Ala or Gly at the P-site 
are pseudo-substrates. RI subunits require ATP 
and two Mg” ions to form a stable holoenzyme 
complex (binding affinity Ky = 0.1 nM) (5), 
‘whereas RIL subunits do not (Ky = 0.1 iM). 

Although the structures of the open and 
closed conformations of the C subunit (6, 7) 
‘and the cAMP-bound structures of Rla and RUS 
(8, 9 have been solved, they do not explain how 
Cis inhibited by R, how the holoenzyme is 
activated by CAMP, and how the isoforms differ. 
‘To understand the molecular basi for differential 
regulation of type [and type II holoenzymes, we 
purified a deletion mutant of Rita, Rila(90-400), 
and coerystallized it with the Ca subunit in the 
absence of ATP, then compared it to the Ria 
holoenzyme (10, 11). In contrast to the C sub- 
‘unit's fully closed conformation in the type I 
hholoerizyme, in the Rila complex the C subunit 
is in an open conformation, the ATP binding 
‘pocket is empty, the aB/aC helix is distorted, snd 
the C-terminal tail is disordered. Like Ria, Riler 
‘undergoes major conformational changes as it 
\wrapsaround the large lobe of the C subunit. The 
hallmarks of this conformational switch are 
changes associated with the helical subdomains 
‘of both cAMP-binding domains. Most striking is 
the helix switch in domain A, which snaps apart 
the two CNB domains. In the holoenzyme, 
domain B of Rila docks onto the aH-al loop of 
the C subunit. 

This structure demonstrates the combinatorial 
diversity of the C subunit as it uses diverse sets of 
docking motifs to interact in unique ways with 
different inhibitors, and we presume that this di- 
‘Versty is also related to recognition of different 
protein substrates. The structure also demon- 
states how ATP differentially regulates these two 
holoenzymes. ATP is essential for forming the 
type T holoenzyme, much as guanosine triphos- 
‘phate (GTP) is essential for generating the active 
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conformation of heterotrimeric GTP-binding 
proteins (G proteins), whereas in type Il holo- 
enzymes, ATP, through autophosphorylation, ac- 
‘wally promotes dissociation. 

‘A monomeric deletion mutant of Rlla: was 
ccocrystallized with the wild-type Ca subunit in 
the absence of MgATP (for statistics, see table 
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SI). The structure reveals a large interface that 
‘engages the entire Ril subunit but only the large 
lobe of the C subunit (Fig. 1). The C subunit, 
with the exception of a distorted aB-aC loop, 
assumes an open conformation. The active-site 
‘lefts open and the C-terminal tail (residues 319 
to 331) is disordered (Figs. 2and 3), The inhibitor 


Lines CNBA CHEB 
—= — 


Fig. 1. Overall architecture of the Rila(90-400)—C 2. (A) General domain organization and 
color coding for the R and C subunits. The small and large lobes of C are shown in gray and tan, 
‘espectively, with the position of the aG and ciH-al loops highlighted in dark red. The A and B domains 
of R are in purple and magenta, respectively, with the linker region in red, c8-aC in cyan, and the two 
BCs in yellow. (B) The Rila holoenzyme structure with the C subunit shown in its classic view with a 
shadowed space-filling surface. Site 1 (inhibitor site), site 2 (aG helix and P+1 loop), site 3 (activation 
loop and APE-aF loop), and site 4 (a-al loop) are indicated. Helices are labeled periodically to help 
track the Ca trace. (C) Essential features of site 4. The aB helix of Rila (dark red) is shown docked to 
‘the at-al loop in C (tan). The AGC-specific insert is highlighted in yellow. The Arg”*-Glu""** ion pair 
connecting the aH-al loop to the P+1 ‘is also shown. (D) The 180° rotation of the complex, with 
the red and yellow circles indicating pThr*””© and the P-site Ser of Rila, respectively. Expanded at the 
left are the essential elements of the R-C interface: the aC helix and activation loop of C, as well as the 
aB/aC helix and the aA helix of domain B in Rila. 
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site and linker region, which are disordered in the 
free RI subunit, become ordered in the holo- 
enzyme. Docking of domain A onto the large 
lobe of the C subunit creates an extended inter- 
face, whereas domain B contributes a small but 
essential docking motif that binds to the aH-al 
loop on the C subunit (Fig. 1, Band C). 

‘The lange tobe of the C subunit functions as a 
stable scaffold for Rila, with the binding inter- 
face extending from the common inhibitor bind- 
ing site at the active-site cleft, over the activation 
loop and the P+1 loop, to the aFl-al loop (Fig. 
1 and fig. $1). ATP is not required for this high- 
affinity binding (~1.0 nM), The C subunit is in an 
‘open conformation similar to that of the apoen- 
zyme (6) (Fig. 2 and fig. $2), The small lobe is 
‘more dynamic than the large lobe, as indicated by 
the disorder of many side chains and the 
discontinuity of the C-terminal tal. Comparison 
of average temperature factors (B factors) forthe 
Rita. and Rla holoenzymes reveals a striking 
isoform difference in dynamics (Fig. 3C). In both 
holoenzymes there is 70% water content, and 
crystal packing does not influence the smal! lobe. 

In contrast to the C subunit, Rila undergoes 
‘major conformational changes in almost its entire 
molecular architecture relative fo the unbound 
structure, Each domain contains « and  sub- 
domains. The B sandwich harbors the signature 
motifof the CNB, the phosphate-binding cassette 


(PBC), where the phosphate moiety of cAMP 
docks. The release of cAMP uncouples the a and 
B subdomains (/2), thus allowing for global con- 
formational changes in the helices that are in- 
duced and stabilized by binding of the C subunit. 
Ria undergoes three major changes: i) ordering 
‘of the inhibitor peptide and the following linker 
segment; (ji) reorganization of the helical sub- 
domains of domain A, which leads to the separa- 
tion of domains A and B; and (iii) reorganization 
of the helical subdomain of domain B to accom- 
modate docking to the aH-al loop in the C 
subunit, With this structure we can appreciate the 
‘conservation of the dynamic uncoupling of the A 
and B domains as they release cAMP and bind to 
the C subunit 

For simplicity, we divide the large R-C inter- 
face into four distinct sites on the C subunit (Fig. 
1) Site 1, where the inhibitor peptide docks othe 
active-site clefl, most clearly distinguishes the R- 
subunit isoforms. Site 2 is dominated by the «G 
helix and the P+! loop, site 3 includes the ac- 
tivation loop and the APE-aF loop, and site 4 is 
the aH-al loop. The Ril-specifc features of sites 
1 and 4 are deseribed in detail below; sites 2 and 
‘J are discussed in (/3). 

Because RI! subunits are substrates as well as 
inhibitors, they engage the active-site cleft dif- 
ferently from Ria subunits. Rila(90-400) begit 
with Arg”"*-Arg-Val-Ser- Val, where Ser””™ is 
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Fig. 2. The C subunit is in an open conformation. (A) The H-bond interactions between the aB and 
‘aC helices with activation loop and Rilc linker are indicated in dashed lines. (B) Comparison of the 
‘aB-aC segment to the same region in the wild-type apoenzyme (in cyan) and a closed state of the C 
subunit (in white). (C) P-site Ser is centered on the preformed active site. In the absence of MgATP, 
Ser’**, the P-site residue, forms hydrogen bonds with Asp*** and Lys“#*° from the catalytic loop. 
The peptide forms a short antiparallel 8 strand with a segment of the P+ loop. 
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the unphosphorylated P-site. (For clarity, we 
adopt nomenclature where residues from the 
R and C subunits are respectively designated by 
superscripts R and C.) The positions of the back- 
‘bone and side chains in this segment are nearly 
identical to those of the protein kinase inhibitor 
Peptide PKUS-24) and Rla, even though both 
PKI and Ric, with Ala atthe P-site, are psoudo- 
substrates (Fig. 3). The C subunit in the Rita 
holoenzyme structure assumes an open confor- 
‘mation, in contrast to the fully closed conforma- 
tion found in the PKI(S-24)-C complex (7) and 
the Rla holoenzyme (10, 1/). Because the Rll 
and C subunits were coerystallized inthe absence 
‘of MgATP, there is no phosphate on Ser”, In 
the presence of ATP the inhibitor site would 
Lundengo autophosphorylation, which reduces the 
affinity of RIla for the C subunit (14), 

‘A major isoform difference is that each resi- 
‘due from the five-esiduc peptide is docked firm- 
ly onto the large lobe; neither the small lobe nor 
the C-terminal tail is involved (Fig. 2C and fig. 
2). Inconirast, recruitment ofthe small lobe and 
the C-terminal tail are essential for Ric and PKI, 
\where the y-phosphate of ATP is trapped between 
the two lobes, as itis in the tansition state during 
catalysis (15). Instead, in the Rlla holoenzyme, 
the P-site Ser forms hydrogen bonds. with 
catalytic loop residues that are anchored to the 
P+ loop (Fig. 2C). 

The P+I Val, disordered in the fee RIL 
subunit, docks onto the P+1 loop and nucleates 
the hydrophobic interface between Rila and C by 
interacting with Tyr" in the aG helix of C and 
Pin the PBC of Rila (fig. $1). Although 
Tye does not change much, relative 10 its 
‘position in the free C subunit, Tyr” is recruited 
‘because of the rearrangement of domain A. This 
Ihydrophobie docking surface, which i similar to 
Rla (10, 11), is discussed in (13), 

In addition to the P-site residue, the linker 
regions account for considerable variation in 
‘overall organization of full-length RI and RIL 
subunits and their comesponding holoenzymes 
(16-18), In previous cAMP-bound structures of 
Ria and RII, the linker region was always 
disordered (8, 9). Figure 3 and fig. $3 highlight 
some of the RUl-specific interactions in this re- 
gion. Glu””*, for example, causes a distortion of 
the aB-aC loop relative to all previous C-subunit 
structures (Fig. 2) and is essential for forming 
type Hl, but not type 1, holoenzymes (19). The 
importance of other Rll-specifc sites in the linker 
is discussed in (13). 

The aH-al loop (Fig. 1, B and C) is an im- 
portant docking ste for domain B, This region 
‘contains a five-esidue insert (residues 282° to 
287°) that is unique wo the AGC kinases (20. 
also contains Arg, the last highly conserved 
residue in the kinase core, which forms ion pairs 
‘with Glu?™* in the APE motif at the end of the 
P+1 loop. Recent genetic studies suggest that there 
is feedback between this region and the 
‘recognition site (27). This site is thus likely to be a 
“hat spot” for allosteric regulation at several levels. 
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When holoenzyme forms, major changes take 
place in the CNB domains of Rlla. The global 
change in architecture that splays apart domains 
‘A and B is due to the long contiguous helix that is 
formed by the merging of the aB and aC helices 
in domain A (Fig. 4 and fig. S4). Changes in 
domuin B are also substantial but different (Figs. 


‘S4 and $5). Both hydrophobic capping residues 
for cAMP lie in domain B and are displaced by 
this movement. In contrast to the helical sub- 
domains, both B subdomains are stable with the 
exception of the PBC. 

Domain A provides the major isoform- 
independent docking surfce fir the C subunit and 
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Fig. 3. Interactions of the inhibitor peptides with the active site. (A) The C subunits from Rlla and 
Ria holoenzymes, as shown in a space-filling format, with the small lobes in gray and the large 


lobes in tan. Both C-ter 


L tails are shown as a black ribbon, and a dashed link points to the 


disordered region in Rila. The inhibitor peptides, in red for Rlla and in cyan for Ria, are 
highlighted. We predict that the peptide of Rila will continue interacting with the large lobe, in a 
‘manner similar to PKI. However, this region in the Rla holoenzyme structure further anchors the 
C-terminal til (12). (B) Superimpostion of Rilo peptide (n red) with those of Rc. Gin cyan) and PK Gn 
‘gray). The regions from P-3 to P+1 are very similar, whereas their N-termini use different docking 
surfaces on C. Their sequence comparison is also shown (25). (Q B-factor plots of C in the Rilo 
holoenzyme compared to the Rict holoenzyme. The x axis corresponds to the residue numbers; the y axis 


corresponds to the B-factor value scale. 
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also mediates the global reorganization of the two 
‘CNBs. The most striking change is the “aB/aC 
switch” where the kinked aB and aC helices of 
‘the CAMP-bound state snap into fully extended. 
single helix. This aBlaC switch, a conserved 
feature of both isoforms (Fig, 4 and fig. $4), not 
‘only separates the two CNB domains but also 
removes the capping residue forsite A. The aBiaC 
motif provides 3 major interacting surface for 
docking to the C subunit (Fig, 1D) as well as to 
the linker region (fig. $3), with many residues 
previously exposed to solvent now serving to 
‘nucleate the Rlla-C interface (13), 

Inaddition to being “flipped away” from do- 
main A, domain B also undergoes major contfor- 
‘ational changes within its helical subdomain. in 
domain B of Ril the hydrophobic capping res- 
‘due for cAMP is Tyr*"", which is located within 
its own aC helix, similar 0 catabolite actiyator 
protein (CAP) (22); in the holoenzyme, Tyr" is 
‘no longer close to the PBC because of the confor: 
‘ational changes (Fig. 4), However, the aC helix 
‘does not fuse with the aB helix but forms a helix- 
turn-helix (aC’-cC'") motif (Fig. 4B and fig. $4), 
{In the holoenzyme, Tyr'™™ is exposed to solvent. 

Although the cAMP-bound structures of Ra 
‘and RIIB enabled the identification of residues 
‘essential for cAMP binding (8 9), the functions 
of ofher conserved residues were not explained, 
‘Their conserved functions are revealed only by 
the two holoenzyme structures. Arg! is an 
example. The electrostatic contact between 
Arg’ in the aC helix and Glu? in the aA 
helix of domain B is a conserved feature of both 
holoenzymes, whereas in the CAMP-bound state 
‘both residues are exposed 10 solvent. This elec 
trostatic interaction stabilizes the capping resi- 
dues in both holoenzyme conformations, even 
though the location ofthe Aste capping residue 
is isoform-specific (Fig. 4B). Arg™*™ in the aB 
helix isa conserved part of the R-C interface for 
bboth holoenzymes, where it forms essential mul 
tivalent interactions with Lys™** in the AG( 
specific insert that lies in the aHL-al loop (Fig. 
1C). In RII subunits, however, Ang™*** is also the 
‘capping residue for cAMP bound to site A. Other 
residues such as Ang?” ™® and Glu? in the PBC 
play a conserved role in binding cAMP but are 
‘exposed to solvent in the holoenzymes. The roles 
‘of many key residues in each conformational 
state are summarized in table S2. 

‘A tyrosine at the tip of the PBC is another 
hhighly conserved feature of A domains. In both 
holoenzyme structures this tyrosine is essential 
for docking to C (figs. SI and $4). The em 
ronment of this tyrosine, however, is isoform- 
specific. In Rila Tyr” is part of an extended 
hydrogen-bonding network, where it anchors the 
PBC of domain A to two essential elements in the 
helical subdomain of domain B. In Ria, Tyr”** 
is exposed to solvent (fig. S4). 

Comparison of the holoenzyme structures 
shows the wide dynamic range of the CNB do- 
mains (23). The A domains in both RU and RI are 
similar in their cAMP and holoenzyme conforma- 
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tions, The B domains are also similar. However, 
the holoenzyme conformations of the A and B 
domains are different from cach other (fig. $5). 
‘Thus, there is not a conserved mechanism for 


snapping open the aB-aC helix into a single 
fused helix. 

To appreciate the versatility of the C subunit, 
‘one needs to consider it asa scaffold. Figure 4C 


Fig. 4. Rearrangements of CNB domains. (A) Global change in domain 8 is due to the extension of 
the aB-aC helix into a single long helix. There is a ~120” flip from the cAMP-bound state (right) 
compared to its R-C complex state (left. The position of domain 8 in the cAMP-bound state is 
shown by a transparency on the left. The aB helices from both CNBs, shown in red, are essential 
docking motifs. The PBCs are shown in dark green. Also labeled are the capping residues (Arg*** 
for site A and Tyr'*™* for site 8), a salt bridge pair (Arg””“*-Glu’***), and four basic residues that 
dock to the Rilc linker. In the cAMP-bound state, these basic residues are exposed to solvent. (B) 
The capping residues Ghaded and indicated by arrows) for Ria and Rila in their holoenzyme 
conformation are far from their respective cAMP binding sites. A novel salt bridge (Arg™***-Glu"*"* 
for Ria, Arg?’**.Glu**** for Rila) is formed only upon holoenzyme formation. (C) The 
combinatorial diversity for the C subunit is demonstrated by shading the surface of the docking 
‘motifs that are used for binding different inhibitors (RI Rll, and PKI). Site 1, where the inhibitor 
peptide (yellow) docks, is essential for inhibition. Site 1 in each holoenzyme is expanded at the 
center of the panel. The other sites [N-labe and C-tail in green, a helix (site 2) in red, activation 
loop (site 3) in dark red, aH-al loop (site 4) in yellow, and the aF-uG loop (site 5) in blue] are used 
{in a combinatorial fashion to achieve high-affinity binding. 
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and fig. $6 summarize the different parts of the C 
subunit that can be recruited to recognize its in- 
hibitors (RI, RI, and PKI). Each inhibitor must 
accomplish two things: It must bind with high 
affinity and also must inhibit catalytic activity. A 
substrate-like inhibitor sequence is required for 
inhibition but is not sufficient for high-affinity 
binding. For both R subunits to achieve high- 
affinity binding, docking of domain A to the large 
lobe of the C subunit (sites 2/3) is essential; how- 
ever, thisis not sufficient. n addition to domain A, 
RI subunits require the N-lobe and C-tail coupled 
through Mg,ATP o the inhibitor site (24), whereas 
RII subunits require site 4 coupled to domain B. 
Like Rla, PKI uses the N-lobe and C-tal plus 
Mg:ATP, but achieves high affinity by using 
another site entirely, the aF-aG loop (site 5) (7). 

RI subunits and PKI both induce a fully 
closed conformation and require Mg:ATP (5), 
where the y-phosphate of ATP brings together 
bboth lobes (Fig. 4C). Because the inhibitor 
peptide is a pscudo-substrate and lacks a P-site 
acceptor, ATP raps the complex in an inactive 
state, much as GTP traps G proteins in an active 
state, Formation of RIL holoenzyme does not 
require the N-lobe, the C-tail, or MgeATP. Be- 
‘cause the P-site isa Ser, RIT subunits cannot trap 
the RC complex in a stable transition state; 
instead, the P-site Ser is anchored 10 the large 
lobe (Fig. 4C), For Ril holoenzymes, ATP 
facilitates dissociation through autophosphoryl- 
ation of the P-site rather than stabilizing the 
inhibited state (14). A corollary for these two 
models is that RII holoenzymes depend exclu 
sively on AMP for activation, whereas RI holo- 
‘enzymes can be regulated by Mg and ATP as 
well as by cAMP. These two holoenzymes pro- 
Vide a basis for designing novel isoform-specific 
activators and inhibitors of PKA, 
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Fluorescence-Force Spectroscopy 
Maps Two-Dimensional Reaction 
Landscape of the Holliday Junction 


‘Sungchul Hohng,*** Ruobo Zhou,’ Michelle K. Nahas,’ Jin Yu, Klaus Schutten,*>4 


David M. }. Lilley,* Taekjip Ha*?**¢ 


Despite the recent advances in single-molecule manipulation techniques, purely mechanical 
approaches cannot detect subtle conformational changes in the biologically important regime of 
weak forces. We developed a hybrid scheme combining force and fluorescence that allowed us to 
‘examine the effect of subpiconewton forces on the nanometer scale motion of the Holliday 
junction (H)) at 100-hertz bandwidth. The H) is an exquisitely sensitive force sensor whose force 
fesponse is amplified with an increase in its arm lengths, demonstrating a lever-arm effect at the 
‘nanometer-length scale. Mechanical interrogation of the H) in three different directions helped 
elucidate the structures of the transient species populated during its conformational changes. This 
method of mapping two-dimensional reaction landscapes at low forces is readily applicable to 
‘other nucleic acid systems and their interactions with proteins and enzymes. 


‘any biological processes are depen- 
M« ‘on tension. In recent years, single- 

molecule force measurements have 
shown dirvctly that biochemical reactions can 
bbe influenced by applied force (1). Yet, purely 
mechanical tools cannot detect small-scale 
conformational changes unless strong and per- 
sistent force is applied. At weak forces, the 
flexible tether connecting the mechanical probe 
{o the biological molecule is not stretched enough 
{o transmit small movements, This is unfortunate 
because weak and transient forces are likely more 
‘prevalent in vivo, but the experimental limitations 
confine single-molecule mechanical studies to 
examining the effect of relatively lange forces. 
We aimed to study the effect of weak extemal 
forces on the biomolecular conformational dynam 
ics by combining single-molecule fluorescence 
resonance energy transfer (smFRET) (2-4) with 
‘manipulation using optical trp (5). smFRET 
thas high spatial resolution (< 5 A (6, 7)] and can 
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be measured at arbitrarily low forces. Previous 
attempts to combine FRET and optical trap 
using the DNA haigpin as a model system (8, 9) 
did not reveal new information because the 
haigpin unzips at high forces (~15 pN), a regime 
that had been extensively investigated using 
force-based techniques (/0, 11). Here, we report 
1 approach to detect nanometer-scale motion at 
sub-pN forces. We used the approach to gain 
insight into the reaction landscape of the Holli- 
day junction (HJ) by gently stretching it along 
different directions. 

‘The HI is a four-stranded DNA structure that 
forms as an intermediate during recombination 
(12), To understand the mechanisms of cellular 
enzymes that function with the HJ, a detailed 
description of the static and dynamic structural 
Properties of the Hi itself is needed. Inthe 
absence of added ions, the HJ adopts an open 
strcture, where the four heal arms point ward 
the comers of square (13, 14) (Fig. 1A). In the 
presence of physiological concentrations of 
‘magnesium ions, the HJ becomes more compact 
by pairwise coaxial stacking of helical arms into 
4 right-handed antiparallel stacked-X structure 
(13-15), There are two ways of forming this 
stacked structure that depend upon the choice of 
helical stacking partners (isol and isoll) (Fig. 1B) 
For these studies, we have chosen a sequence 
with nearly equal population of stacking conform 
ers isol and isoll (16) (17) (fig. SI). smFRET 
studies showed that an HJ continually switches 
between the two stacking conformations (18). 
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AL present, there is no structural information on 
the transient species populated during these 
conformational changes. 

‘To investigate the nature of such transient HI 
structures and to understand how HJ conforma- 
tional properties could depend on physiologically 
relevant forces, we built a hybrid instrument that 
combines smFRET with optical trapping via a 
long linker (bacteriophage & DNA) (17), The 
‘rapping and fluorescence excitation beams in 
‘our confocal microscope are spatially separated 
(minimum 13 jum) (Fig. 1C), such that fuores- 
cence and force processes can operate without 
mutual interference, The long linker acts as a 
loose spring that dampens the random forces 
generated by Brownian motion of the tripped 
bead and reduces force variations due 1 the 
nanometer-scale conformational change of the 
HJ. The effective stiffness of the A DNA at2 p’ 
‘of force is about 0,002 pN/nm, such that a S-nm 
movement of the HJ causes negligible foree fice 
tuations (-0.01 pN) at the tapped bead. Therefore, 
the measurements can be performed under effes- 
tively constant force without the nced for active 
force clamping, The relaxation time seales of the 
2 DNA under tension are faster than the time 
scale of conformational fluctuations we inves- 
tigated (/9). The trapping beam (1064 nm) was 
fixed along the optical axis of the microscope, 
‘and force was applied by moving the surface- 
tethered HJ using a piezoelectric sample scan- 
ner, The confocal excitation beam (532 nm) was 
programmed to follow the HJ using a piczo- 
‘controlled misror to maintain uniform excitation 
and detection efficiencies regardless of the 
specimen location (and therefore force) (7). 

‘To determine comprehensively the force re- 
sponse of the HJ, we used the following four 
‘constructs (Fig, 1A), The four helices composing 
the HJ are named B (red), H (green), (dark 
‘gray), and X (gray). Helix R was labeled at its S* 
terminus with biotin for surface immobilization, 
and helices X, H, or B were extended by a 12-nt 
single-stranded DNA S' overhang to permit 
‘annealing to a cohesive end of A DNA (named 
junctions AR, HR, and BR, respectively), The 
‘other end of the 2 DNA was attached to a bead 
via digoxigenin/anti-digoxigenin coupling in 
‘order to pull on the DNA using optical tweezers 
in three different directions, between the X and 
R amns for junction XR, and so on, Junctions XR 
‘and XR-long differ in the length of the X and R 
‘ams [11 base pairs (bp) versus 21 bp]. Cy3 
(FRET donor) was attached to the end of helix 
Hand CyS (acceptor) to the end of helix B. For 
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junctions XR and AR-long, the stretching force 
should favor isol (low FRET), in which there is 
a larger separation between the two tether 
points, over isoll (high FRET) (Fig. 1D). In- 
deed, single-molecule FRET histograms as a 
function of force show that the low FRET state 
is significantly favored at forces exceeding 0.5 
and 1,0 pN for junctions XR-long and XR, 
respectively (Fig. 1, E and F). Likewise, isoll 
(high FRET) would be favored at high forces 
for junction HR. In contrast, the two tether 
points would have similar distances for isol and 
‘soll in the case of junction BR, and force- 
induced bias should be minimal. 

Figure 2A shows smFRET time traces at five 
different forces (gray Lines, 10 duration each, 
‘with 10 ms integration time) obtained from a sin- 
gle molecule of junction XR. Enhanced photo 
stability by means of the use of Trolox (20) 
allowed us to obtain one to five cycles of force 
data froma single molecule before photobleaching, 
corresponding to observation over 50 to 250 5. 


Fig. 1. Holliday junction 
constructs and experi- 
‘mental scheme. (A) The 
H) species studied. Junc- 
tion XR comprises four x 
arms of 11 bp, termed B 
(red), H (green), R (dark 
ray), and X (gray). C3 
and CyS_ fluorophores 
are terminally attached 


longArm 
Rong) ie 
to H and B arms, respec- 


tively, and the molecule 
is tethered to the surface 
through biotin attached 
to the end of the R arm. 
Stretching force is ap- 
plied through the 2. DNA 
linker hybridized to the X 
arm, In junction XR-tong, 
the lenaths of arms R and 
X are increased to 22 bp. 
In junction HR, the DNA 
tinker is hybridized to the 
H arm. In junctions HR 
and BR, the 2 DNA tink- 
cer is hybridized to the H 
and B arms, respectively. 


(B) Junction AR is known ©) Short-Arm (XR) under tension 
to alternate between two 039-109 
different stacking _con- gS 
formers, iso! (low FRET ead 


and isoll (high FRED, 
with similar populations 
in both states. (C) A 


dealized FRET trajectories generated by hidden 
Markov modeling (red lines) (2/) are also shown. 
At the lowest force (03 pN), the junction switehes 
between the high and low FRET states with 
similar populations. As the force exceeds 1 pX, 
the dynamics become clearly biased to the low 
FRET state. Figure 2B shows the transition rates 
‘determined from hidden Markov modeling as a 
function of force. The transition rate ky for the 
forward reaction from the low FRET state (sol) 
to the high FRET state (isoll) decreases with 
increasing force (blue), whereas the transition 
rte for the backward reaction Ay, (iol to ésol) 
increases with force (fed) as expected. Both 
‘changes were linear in the log-linear scale but, 
interestingly, Ar had twice the slope of hy. If the 
reaction is viewed as possessing a single tran- 
sition state, the slope reflects the distance to the 
transition state (J), Therefore, the transition state 
fies closer to isoll than w ésol when force is 
applied by the XR vector. Averaged over five 
molecules, the distance from isoll to the tran- 


aS 


sition state (Axy*) is 15 + 03 nm, and, the 
distance from isol to the transition state (Ax) is 
2.9 + 0.6 nm (Table 1). 

‘We next studied junction HR, where the % 
DNA tether has been transferred from the X to 
the Ham, In this construct, the force is ex- 
pected to bias the HJ to the high-FRET isoll 
‘state, and indeed this was the result (Fig. 2C), Ay, 
decreased and kr increased with stronger forces, 
‘but with a slope twice as high for ky as for ke 
(Fig. 2D). Averaged over five molecules, 

4 +05 nm and Av! = 1.3 +03 nm. 
In both junctions, (Ax? + Ax/) is equal to the 
distance between isol and isoll, Avy, calculated 
from equilibrium population versus force data 
(Table 1). Therefore, the distances between the 
ends of the pulled arms, dy. for junction XR 
and digg for junction HR, are suitable reaction 
coordinates spanning the complete trajectory 
from isol to isoll (Fig. 3A). 

In one pulling direction represented by dyn, 
the transition state lies closer to isoll (Fig. 3A, 


surface-immobilized bio- 
‘molecule with FRET lar 
beting is connected to a 
trapped bead by a long 


DONA linker. The linker ONA spatially separates the confocal beam (532 nm) 
{rom the trapping beam (1064 nm), such that enhanced photobleaching and 
‘an overwhelming background signal induced by the intense trapping laser are 
Avoided. To apply force, the surface-immobilized molecule was moved relative 
to the trapped bead. The confocal beam was programmed to follow the mation 
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(more popalateds 


‘of the molecule using the mapping generated between sample scanning and 
‘beam scanning (fig. 56). (D) Force is expected to bias the junction AR to isol, 
Which possesses a larger separation between the two tether points than iso, 
(B) FRET histograms of a single-unction XR as a function of force. (F) FRET 
histograms of a single junction XR-1ong as a function of force. 
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‘middle panel), whereas for the other pulling 
direction dye, the transition state more 


closely resembles isol (Fig. 3A, bottom panel). 
‘These two transition states cannot represent a 
single structure because then both dss. and die 
‘must be relatively small, and by symmetry so must 
be dys and diay. Such a structure would have all 
four helices in the same hemisphere relative to the 


wa (y 7" i sd 


junction core, which is highly unlikely considering 
the symmetry ofthe HJ. Instead, we favora model 
in which there are atleast two different transition 
states, ist and ‘sil, equal in energy but core- 
sponding to different values of die (oF day), Such 
that force would elevate one of them into the 
‘single highest energy barrier by the tilting of the 
energy landscape (Fig. 3A). 


REPORTS [ 


‘The data presented so far show that the dis- 
tance change upon stacking conformer transi- 
tions is about 4 nm. Because thermal energy is 
about 4 pN nm, a force on the order of 1 pN 
‘would consequently change the equilibrium be- 
‘tween the two states by a factor of two oF three. 
‘Such small-scale conformational fluctuations at 
‘these low forces are probably impossible to detect 


Fig. 2. Conformer exchange dy- 
‘namics of the H) as a function of 
applied force. (A) FRET time 
traces (gray lines) of a single- 
junction XR molecule at different 
forces. FRET efficiency is approxi- 
mated by the acceptor intensity 


¥ cea 


divided by the sum of the donor 
and acceptor intensities, Red lines 
are the most tkely FRET trajecto- 
ties generated by hidden Markov 
‘modeling. The imposed force 
{indicated on the top left of each 
plot) increases top to bottom. (B) 
Log-tinear plot of rate constants 
of conformer exchange as a func- 


tion of force. Rates of transition 
fom states soll to isol ky ted) 
and isol to isoll (ky blue) are 
diferentated by color. Error bars 
tepresent SDs obtained from re= 
‘peated measurements of the same 
‘molecule. From linear fiting, we 
found that the transition state is 
closer to isoll (1.8 nm) than to 
Jsol (.3 nm). (C) Same as (A) but 
for a singlejunction HR molecule. 
{D) Same as (8) but for a single- 
junction HR molecule. (E) Same 
as (A) and (Q but for a single- 
junction BR molecule. (F) Same 
4 (B) and (0) but for a single- 
junction BR molecule. 
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in a purely mechanical measurement, especially 
at our time resolution (10 ms). 

‘What determines the force sensitivity of the 
junction? Is it an intrinsic property of the junc 
tion core or is it dependent on the length of helical 
‘ams on which the force is applied? Because the 
four arms of the HJ meet at its center, we may 
recast the experimental configuration as a torque 
being applied sround the central pivot point 
‘The torque is proportional to the product of the 
magnitude of force and the distance between the 
point of application of the force and the pivot 
point (i.e, the length of the arm). Therefore, it 
could be expected that increasing arm length 
‘would result in a greater torque for the same 
force. We tested such a leverarm effect using 


Table 1. Distance to the transition state from iso 


junction XR-long, where the X and R arms are 
Jengthened by about a factor of two (from 11 bp 
to 21 bp) compared to junction XR. FRET 
histograms as a function of applied force (Fig. 
JE and Fig. 1F) show that increasing the lever 
arm length has magnified the force effect such 
that much lower force is needed. for junction 
XRlong to achieve the same conformational 
bias. Fig. $4 compares the transition rates versus 
the force between five molecules each of junc- 
tions XR and XR-long and shows that junction 
XR-long exhibits much greater changes in rates 
for the same magnitude of force (also compare 
Avf and Ax? in Table 1), Because the 
pensistence length of double-stranded DNA is 
bout $0 nm (~150 bp) (22), the lever-ammn effect 


(diy*) and from isolt (Ax,*), measured from the force- 


dependent transition rates between {sol and iol forfour different junctions. Errors represent SD from five 
different molecules each. Also shown is At, the distance between isol and isol, determined from force- 
dependent changes in the equilibrium constant. For junction BR, Ax., deviates significantly from | Carytray) 


showing that dyq is not a valid reaction coordinate connecting isol and isoll. In contrast, At = AX, 


+ Ant 


within error for junctions XR and HR, showing that dxx and dyx are reaction coordinates valid from iso toisoll, 


XR-long HR aR 


15 (20.3) 
2.9 (40.6) 
44 (40.8) 
4.4 (40.8) 


Axe! (am) 
‘xf (nm) 
‘eq (nm) 
xo + A (om) 


10.3 (+2.0) 


26 20.6) 
7.7 (@1.5) 
9.9 (42.6) 


24 (40.5) 
13 (20.3) 
3.1 (20.8) 
3.6 (20.5) 


1.1 0.2) 
0.37 (40.2) 
0.7 (20.2) 
15 40.3) 


Fig. 3. Mapping the 
teaction landscape and 
determining the trans 

tion state structure. (A) 
‘A proposed reaction land- 
scape with two distinct 
transition states with nea 
ly identical energies (top). 
In junction XR, the ap- 
plied force would tit the 
‘energy landscape toward 
‘sol so that the transition 
state, tll, nearer to iso 
would become the state 
of highest energy along 
the entire coordinate 
(tidal) The reaction co 
ordinate here is the dis 
tance between the ends 
of X and R arms, dyx, 
Which increases to the 
left as shown. Similarly, 
{in junction HR, the tran 
sition state, fs, nearer to 
‘sol would become the 
single transition state 
"upon application of force. 
The reaction coordinate 
here is the distance be- 
tween the ends of H and 


isoll 


‘can probably be extended by another factor of 
five for arms of >100 bp. That is, forces as low 
as 0.1 pN would be enough to influence the 
junction conformations, ilustrating the exquisite 
force sensitivity of the HJ. 

Because the effect of force depends on the 
‘ama lengths, the most natural reaction coordinates 
‘are angular. The angles that define the global 
shape of the junction are 9, the interhelical angle 
between two stacked pairs of helices, and y, the 
angle that measures the degree of unstacking of 
stacked helices (23) (Fig. 3B), For example, for 
a stacked-X structure, 9 is 40° and y is 0° (15), 
whereas for an open structure, @ is 0° and yi is 
90? (Fig. 3C). These two angles are well-defined 
within the angular space in which identities of 
stacking pairs are maintained. Our aim is to 
deduce the structure of the transition state by 
determining the @ and y values of the transition 
state using a geometrical analysis, The analysis 
below estimates the angles (On, Wu) of the tran- 
sition state asll in the ill half of the con- 
formational reaction coordinate, but the same 
‘conclusions hold for 1 

‘sil Lies a third of the way from isoll w isol 
‘along the axe coordinate (Table 1 and Fig, 3A). 
‘We can show that this condition is satisfied for a 
collection of (Oy, Yu) valucs, starting from (70°, 
0°) at one extreme and arriving at (0°, 70°) at 
the other (Fig. 3C, gray zone) (/8). To obtain an 
additional constraint, we performed an equiv- 


XX 


R arms, dye, which increases to the right. (B) Two angular coordinates @ and from XR and HR data, and the gradient zone is derived from BR data. The 


'y define the global conformation of the HJ. (C) A 20 conformational space 


‘consensus location of the transition state is marked with a diamond. (D) 


‘of H) conformations. The stacked-X structure and open structure are marked. Global structures of iso, isoll, and two transition states, ts! and fil, along 
The gray arc represents a zone that satisfies experimental constraints derived with an open structure. 
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alent force analysis on junction BR (Fig. 2E, 2F, 
Table 1), Junction BR exhibited much reduced 
(by a factor of five oF six) force dependence of 
the equilibrium populations compared with 
Junetions XR and HR (compare Ay values in 
Table 1), The residual force dependence of the 
equilibrium populations may be attributed to the 
finite diameter of the DNA duplex (/8). In 
‘contrast to junctions XR and HR, application of 
force on junction BR accelerated both forward 
sand backward transitions (Fig. 2F). Therefore, 
the distance between the ends of the B and R 
ams, dg, must be larger in the transition state 
than in the stacked-X structures. This condition 
is satistied only if oy in the transition state is 
smaller than the 40° of the stacked-X structure. 
Furthermore, the distance to the transition state 
is 0.37 nm at minimum, which constrains Oy 10 
bbe essentially zero (18). In combination, our 
‘best estimate is (On, Wane = (0°, 70°) for ett 
(Fig. 3C), This transition state is similar to the 
‘open state, but with arms deviating by about 20° 
from the ideal open state while displaying 
signatures on which pairs of helices are nearly 
stacked over each other (Fig. 3D), The structure 
bears a strong resemblance to the HU structure 
‘bound to the Cre recombinase (24). Following 
the sume angument, we ean deduce that the tran- 
sition state in the isol-like conformational space, 
Ast, also has (0), wade (0°, 70°), 

By probing the HJ dynamics in response to 
pulling forces in three different directions, we 
‘mapped the location of the transition states in 
the two-dimensional (2D) reaction landscape 
and deduced the global structure of the transient 
species populated during the HJ conformational 
changes, Our simplest model envisions a shal- 
low minimum between the two transition states, 
depicted as the open structure (Fig. 3A and 3D), 
‘but it is also possible that « continuum of con- 
formations exist, spanning from tst and esIt with 
nearly identical free energies, instead of having 
a single well-defined mininum, 

The development reported here expands on 
the current arsenal of hybrid single-molecule 
techniques combining force and other observ- 
ables (8, 25-27). Unlike DNA of RNA hairpins, 
‘where forces on the order of 1S pN are neces- 
sary to induce mechanical unzipping (10, 1”), 
the conformations of HJs could be biased at 0.5 
PN or lower. The lever effect makes it un- 
likely that a purely mechanical toot could have 
probed the force effect on HJ conformations, 
because if the arms are lengthened to magnify 
the distance change, the force effect will occur 
at even lower forces. FRET can also report on 
‘vectors other than the end-o-d distances, which 
‘we exploited here by pulling on XR, HR, ot BR 
ams while simultaneously measuring the same 
HB vector by FRET, which led to the 2D map- 
ping of reaction landscapes. Our method is 
readily applicable to other nucleic acids sys- 
tems and their interaction with proteins and 
enzymes, and with the advent of new orthog- 
‘onal labeling techniques, should be extendable 
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to proteins and protcin complexes. The next 
technical challenge would be to obtain time 
evolution of the end-to-end distance by force, 
for example, due 1 the action of DNA. pro- 
cessing enzymes (28), and correlate it with the 
enzyme conformational changes simultaneously 
‘measured by fluorescence. 
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A Metagenomic Survey of 
Microbes in Honey Bee Colony 


Collapse Disorder 


Diana L. Cox-t Foster, Sean Contan,* Edward C. Holmes,’ Gustavo Palacios,* Jay D. Evans, 
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Jeffrey Hui,” Junhui Zhai,” Liwang Cui,’ Stephen K. Hutchison,"° Jan Fredrik Simons,?° 
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{In colony collapse disorder (CCD), honey bee colonies inex 


bly lose their workers. CCD has 


resulted in a loss of 50 to 90% of colonies in beekeeping operations across the United States. The 
observation that irradiated combs from affected colonies can be repopulated with naive bees 
suggests that infection may contribute to CCD. We used an unbiased metagenomic approach to 
survey microflora in CCD hives, normal hives, and imported royal jelly. Candidate pathogens were 
screened for significance of association with CCD by the examination of samples collected from 
several sites over a period of 3 years. One organism, Israeli acute paralysis virus of bees, was 


strongly correlated with CCD. 


ethods for cloning nucleic acids of 
M ‘microbial pathogens directly from clin- 

‘cal and environmental specimens af- 
ford unprecedented opportunities for pathogen 
discovery and surveillance. Subtractive cloning, 
polymerase chain reaction (PCR), and DNA 
‘microarrays have implicated previously unknown 
pathogens as the etiological agents of several 
‘acute and chronic diseases. Here, we describe the 
application of unbiased high-throughput pyrose- 
‘quencing technology (/) in the characterization 
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of the microflora associated with Apis mellifera 
in a search for the cause of colony collapse 
disorder (CCD). 

CCD iis characterized by the rapid loss froma 
colony of its adult bee population (2-4). No dead 
adult bees are found inside or in clase proximity 
{o the colony. At the final stages of collapse, a 
queen is attended only by a few newly emerged 
adult bees. Collapsed colonies often have consid- 
‘erable capped brood and food reserves. The phe- 
‘nomenon of CCD was first reported in 2006: 
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however, beekeepers noted unique colony de- 
clines consistent with CCD as early as 2004. An 
estimated 23% of beekeeping operations in the 
United States suffered fiom CCD over the winter 
‘of 2006-2007. These beekeepers lost an average 
‘of 45% of their operations (5). Since the in- 
{troduction of the varroa mite in the late 1980s, 
colonies have experienced increased mortality: 
however, in contrast to CCD, these colony deaths 
are marked by dead bees in the hive, an inere- 
‘mental decline in worker population, and robbing 
and pest invasion. One hypothesis is that CCD i 
due 10 the introduction of a previously unrecog- 
nized infectious agent. This idea is supported by 
preliminary evidence that CCD is transmissible 
through the reuse of equipment from CCD colo- 
‘nies and that such transmission ean be broken by 
imradiation of the equipment before use (6). 

‘Bees were analyzed in a metagenomic survey 
‘of four widely separated operations across the 
United States that were affected by CCD. All of 
the operations were migratory, with wintering 
‘yards in either Florida or Califomia in February 
2007 (fig. S1) (7). Two non-CCD samples were 
collected from Hawaii and Pennsylvania. An ad- 
ditional sample of apparently healthy bees im- 
ported fiom Australia and four samples of imported 
royal jelly from China were also tested as po- 
tential sources of pathogens. Total RNA was ex- 
tracted 10 capture RNA viruses as well as other 
pathogens. The RNA was pooled as presumed 
CCD-positive, presumed CCD-negative, and roy- 
al jelly for pyrosequencing, The rw sequencing 
reads were trimmed and assembled into con- 
tiguous sequences (contigs) (fig. $2). Analysis 
‘using nucleotide-nucleotide BLAST (BLASTN) 
and BLASTX (8) revealed the presence of 
bacteria, fungi, parasites, metazoa, and viruses 
(Table 1). 

Sequences homologous to bacterial 16S ribo- 
somal RNA (16S rRNA) were assembled into 
48 contigs, The majority (8796) of the contigs 
aligned best to previously identified commensals 
of A, mellifera (Table 1). To obtain precision in 
typing the bacterial associates in the different 
samples, we obtained ~S00-nucleotide (nt) trag- 
‘ments of the 16S FRNA gene, using conserved, 
nneae-universal PCR primers. A total of 536 clones 


‘department of Entomology, Pennsylvania Sate University, 
University Park, PA 16802, USA. enter fr Infection and 
Immunity, Maiiman School of Pubic Health, Columbia 
Uriveriy, New York, NY 10032, USA. ene for ections 
‘Disease Dynamics, Deparment of Bilgy Persona Sate 
Univesity, ue Laboratry, Urivesiy Park PA 26802, USA 
“fogarty iteratonal Center, National insites of Health, 
Bethesda, MD 20892, USA. ‘Be Research Labeatry, US. 
Deparment of AyiatureAgiadtual Reseach Service, 
Selle, MD 20705, USA. “Department of Ecology and 
olutionary Biology, University of Arizona, Tucson, AZ 
£85721, USA. “Department of Plant Pathology, Pennsaria 

te Univesity, Univesity Park, PA 16802, USA. “Center 

sec Scence, Universo zona, Tcson, AZ 85723, 
USA. "Pennglvania Deparment of Agriculture, Bureau of 
Pant industy-Apicalre, Harrisburg PA 17120, USA 
#2454 Life Saences, Branford, CT 06405, USA. 


12 OCTOBER 2007 VOL 318 SCIENCE 


from the entire range of samples were character- 
ized by conventional sequencing. When these 
sequences were used as queries in BLASTN 
searches of GenBank, over 96% gave closest hits 
to the cight clusters isolated from A. mellifera 
in previous stadies (9-11), These clusters included 
‘an abundant member of the Gammaproteobacteria 
and several less frequent but widespread orga- 
nisms from the Betaproteobacteria, Alphapro- 
{cobacteria, Fimmicutes, and Actinobacteria groups 
(Fig. 1). Only 20 bacterial 16S FRNA gene se- 
‘quences were unidentified, and they were not 
‘concentrated in CCD samples. Sequences of 
Paenibacillus larvae and Streptococcus pluton, 
the causative agents of American and European 
foulbrood (diseases of bee larvae) were not 
detected. 

Bacterial analysis indicated community com- 
position (Table 1) similar to that in samples col- 
lected in Africa, Switzeriand, and Gemiany (9-12), 
suggesting that A. mellifera has similar bacte- 
Fial flora worldwide. Screens of the A. mellifera 
genome-sequence database revealed sequences 
‘corresponding to Several ofthese bacterial groups, 
indicating that they are probably part of the nor- 
‘mal flora. The A. mellifera database includes se- 
‘quences for 926 genes with significant reciprocal 
best BLAST hits to genes from completely se- 
‘quenced bacterial genomes, The most abundantly 
represented groups corresponded to taxa in our 
samples, including 299 (3226) with best hits to 
Lactobacillus species and 249 (27%) with best 
hits to Neisseria species (members of the Beta- 
proteobacteria and closest relatives of Simonsiella 
for which sereening was possible on the basis of 
the available full genome sequences). The gut 


Jumen contains the majority of microorganisms 
in most insects. Because a similar profile of bac- 
{eral types was found in dissected intestines from 
A. mellifera (9, 11), the bacterial species de- 
scribed here probably represent a characteristic 
¢gut-inhabiting community. Although we cannot 
‘exclude that a strain of a normally commensal 
bacterium has become pathogenic while retaining 
‘anear-identical 16S FRNA sequence, we observe 
no clear shift in abundance to suggest that this 
‘occurred in CCD. A trend toward increased abun- 
dance of one of the Gammaproteobacterial taxa in 
the CCD bees (Fig. 1) may reflect physiological 
changes accompanying CCD and affecting the 
commensal community, More sampling of i 
vidual colonies and age classes would be needed 
to determine the importance of this observation. 

“Metagenomic sequence data for a ~700-ntfrag- 
ment of the 18S FRNA gene identified a trypano- 
somatid sequence, This sequence was identical 
‘across CCD and non-CCD samples. Phylogenetic 
analysis indicates that this parasite falls in the 
Leptomonas-Leishmania-Crithidia lineage, but 
‘8 precise taxonomic assignment is not possible 
‘because ofthe paucity of FRNA data in this region 
(fig. $3) (12-14), 

Fighty-onedistinct fungal 18S FRNA sequences 
were recovered from the pooled samples, primar: 
ily from four distinct lineages: Saccharomycotina, 
which includes variety of presumed commensal 
‘yeasts: Microsporidia, including the important 
‘bee pathogens Nosema apis and Nosema ceranae 
(3); Entomophtorales/Entomphthoromycotina, 
diverse group of insect pathogens; and Mucorales! 
Mucoromycotins, which includes Mucor hiemalis, 
a species known to kill honey bees under certain 


Table 1. Closest sequenced relatives identified through BLAST analysis of the high-throughput 


sequence data. 
Kingdom Taxon (rank) Organism 
Bacteria Firmicutes (phylum) Lactobacillus sp.*f 
Uncultured Firmicutest 
Bacteria ‘Actinobacteria (lass) Bifidobacterium sp.* 
Bacteria Aiphaproteobacteria Bartonella sp.*t 
(lass) Gluconacetobacter sp.*t 
Bacteria Betaproteobacteria (class) ‘Simonsiella sp.*t 
Bacteria Gammaproteobacteria Two uncultured species* 
lass) 
Fungus Entomophthorales (order) Pandora delphacis 
Fungus Mucorales (order) ‘Mucor spp. 
Fungusimicrosporiian Nosematidae (family) Nosema ceranoe 
Fungus/microsporidian Nosematidae (family) ‘Nosema apis 
Eukaryota Trypanosomatidae (family) Leishmaniaiteptomonas sp. 
Metazoan Varroidae (family) Varroa destructor 
Virus (nclassified coPVy 
Virus ‘Mlvirus (genus) sev 
Virus ‘Mavirus (genus) ows 
Virus Dicistrovridae (tamily) BQCV 
Virus Dicistroviridae (family) Kevt 
Virus Dicistrovridae (family) ABPV 
Virus Dicistrovridae (family) IAPV of bees 


"Found by Jeapraiash @ oD). 


‘Found by Babencreler a ol 


‘ladies vrwes not yet dasified by the 


International Committe on the Taxonomy of Vises but that exhibit the key features ofthe inccated taxon. 
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Fig. 1. Summary of bacterial groups from Non-CCD colonies 
‘A. melifera derived from colonies catego- 
tized a5 non-CCD and CCD. For both cate- 
‘Gores, the top BLAST hit for over 96% of 
sequences from 165 rRNA clones was a 
sequence obtained in previous studies on 
bacterial associates of A. melifera. As- 
terisk indicates that the bacteria were 
‘ategorized according to the cluster des- 
ignations of Babendreier et al (9) [except 
for the Bifidobacterium-tke sequence of 
Jeyaprakash et a. (20). n, number of se 
‘quences. GenBank accession numbers cor- 
responding to the categories are: y-1 (AY370191-AY370192 and 
109837602-D0837609), y-2 (D0837610-D0837611), {5-1 (AY370189- 
‘AY370190 and 09837616-00837621), a-1 (AY370185-AV370187 and 


n=173 


0.05 


Fig. 2. Maximum likelihood phylogenetic tree of ciistrovruses, based on a 741-nt 
‘sequence including the IGR. All branches are drawn to a scale of substitutions per 
site, and bootstrap values are shown for key nodes, All KBV sequences (except 
KBV.NewZealand and KBV.AY275710) and all IAPV sequences (except IAPVisrae. 
219380) were recovered inthis study. 0.05 represents the numberof nucleotide 
substitutions per site. Genank accession numbers forthe nucleotide sequences in 
file APVaugQ7IGR sqr:|APV. Australia 107_4 EU122346, IAPV AustrabiaS EU122347, 
\APV.Australia6 £U122348, IAPV.Ausrais107_3 122349, 1APV.OP3_1W_1 
£12350, |APV.0P3_1W_2 £U122351, \APV.0P3_1W_3 £12352, APV. 
‘OP3_1W_4 £U122353, IAPV.OP3_20W £U122354, IAPV.0P3_21W £U122355, 


aww. sciencemag.ora_ 
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CCD colonies BACTERIA PREVIOUSLY 


FOUND IN BEES" 


‘© +1 (Gammaprotocbacteria) 
‘© 2 (Gammaprotecbacteria) 

+1 (Betaproteobacteria) 

‘a+ (Alphaproteobacteria) 

‘@2 (Aiphaprotecbacteria) 

4 (Fimicutes) 

5 (Firmicutes) 

"Near Bifidobacterium (Actnobacteria) 


= BACTERIANOT PREVIOUSLY 
aise FOUND IN BEES 


09837622-D9837624), a-2 (AY370188 and DQ837625-D0837626), F-4 


(09837632-09837633), F-S (AY370183 and 09837634-DQ837637), near 


Bifidobacterium (AY370184). 


ABPV.Hungary2 

100] |) ABPV. Hungary 
ABPV.Hungary3 

ABBY Hunparys 


‘ABPV.AF150629 

ABPV.Austriat 

z7| ABPV.Germany1 
ABPV.Gorman) 


ABPV 


KBV 


JAPV.OPS. 
1APV.OP3_W_2 

TAPV.AustraliaS: 

TAPV Australia6 
JAPV.Australia107_4 
TAPY Australia 107 3 
IAPV.1sra0l,.EF 219380, 
“APY OPS. 210.4 
IAPV.OI 


TAPV.OPS 241 
APY SP3-24W-2 


IAPV 


IAPV.OP3_21W_1 £U122356, IAPV.OP3_W_2 £U122357, IAPV.OP3_W_3 
EU122358, IAPV.OP3_21W_4 £U122359, IAPV.OP3_23W £U122360, IAPV. 
‘0P3_23W_1 £U122361, IAPV.OP3_23W_4 £U122362, IAPV.OP3_24W_1 
EU122363, IAPV.OP3_24W_2 EU122364, IAPV.OP3_24W_4 £U122365, IAPV. 
‘02 £12236, KBV.OP3_20W_1 £U1122367, KBV.OP3_1W_1 £U122368, KBV. 
‘0P3_1W_2 EU122369, KBV.OP3_20W_2 £U122370, KBV.OP3_20W_3 
EU122371, KBV.0P3_20W_4 £U122372, KBV.OP3_21W_2 £U122373, KBV. 
OP3_21W 3 £122374, KBV.OP3_21W_4 £U122375, KBV.OP3_23W_3 
£U122376, KBV.0P3_23W_4 £U122377, KBV.OP3_24W_1 £U122378, KBV. 
(0P3_24W_2 £12379, KBV.OP3_24W_3 £U122380. 
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conditions (16). Weused 18S FRNA PCR primers 
designed to capture Entomophthorales and Mu- 
corales (Hig. $4). The occurrence of these fungi in 
‘our samples did not correlate with CCD (table S1). 
‘Although V. ceranae was detected by PCR in all 
‘operations affected by CCD, as well as in the 
Australian sample and two of the royal-jelly 
‘samples, it was also detected in non-CCD samples. 
‘A specific PCR assay for N. apis showed that it 
‘was present in all four CCD operations, as well as 
‘one non-CCD operation, N. apis was also found 
in the sample from Australia but not in the royal- 
jelly samples (table $1). 

BLASTN analysis of the high-throughput 
‘sequencing data identified seven positive-sense 
single-stranded RNA viruses. previously asso- 
ciated with disease in honey bees, including mem- 
bers of the family Dicistoviridae and the genus 
Mavirus. The presence of the unclassified Chronic 
bbee paralysis virus (CBPV) in only one out of 
four CCD operations (table S1) suggests that itis 
‘not a primary contributor to this syndrome, Re- 
‘covered sequences were used to establish specific 
quantitative PCR assays for the remaining. six 
insect viruses. Two iflaviruses, Sacbrood virus 
(SBV) and Deformed wing virus (DWV), as well 
as two dicistroviruses, Black queen cell virus 
(BQCV) and Acute bee paralysis virus (ABPV), 
‘were found in both CCD and nor-CCD operations. 

‘Two other dicistroviruses, Kashmir bee virus 
(KBV) and Israeli acute paralysis virus (IAPV) of 
‘boes—an unclassified virus that may reflect a dis- 
tinct Lineage of KBV or a previously unidentified 
species—were found only in CCD operations. 
TAPV sequence analysis in the intergenic region 
(IGR) (Fig, 2) indicated a close phylogenetic re- 
lation to both KBVand ABPV. IAPV was found 
inall four affected operations sampled, in two out 
Of four royal-elly samples, andl in the Australian 
‘sample (lable $1), KBV was present in three out 
Cf four CCD operations but notin the royal jelly. 
KBV was not found in the sample of Australian 
‘bees shown in table SI; however, KBV was sub- 
sequently found in five out of eleven individual 
bees from the same Australian source. 

Both N. ceranae and an unspecified ilavirus 
|were proposed to be associated with CCD in an 
earlier report (17). We found Nosema spp. by 


PCR and spore count in both CCD and non-CCD_ 
‘operations (tables S1 and S2) but no nove! iffvins. 
The overall prevalence of any Nosema species 
was 94.1% (100%, CCD: 85.7%, non-CCD). In 
‘contrast, the dicistrovinuses KBV and IAPV cor- 
related with CCD in our metagenomic survey. 
‘The prevalence of KBV, IAPV, N. ceranae, and 
LN. apis was tested in $1 pools of bees (4 to 13 
bees per pool) collected from 30 CCD colonies 
and 21 non-CCD colonies between 2004 and 
2007 in Arizona, Califomia, Florida, Georgia, 
Louisiana, and Pennsylvania. Individual CCD 
samples were more likely than samples from 
‘non-CCD operations to contain more than one of 
these four pathogens. The mean number of path- 
‘ogen types (#1 SD) found in individual samples 
from each site was 3.7 + 0.5 for CCD samples 
versus 2.1 + 09 for non-CCD samples (P < 
0.0001). The pattems of coinfection were com- 
plex and unevenly distributed throughout the sam 
ple set. All samples that were positive for IAPV 
also contained KBY, Although KBV was prev- 
alent in both CCD and non-CCD samples (90.2% 
‘ofall samples), [APV was, with a single exception, 
confined to CCD samples, yielding a positive pre- 
dltive value of 96.1% and a specificity of 95.2% 
(Table 2), Multinomial logistic repression was pur- 
sued to determine the contributions of the four 
pathogens, singly and in combination, to CCD 
‘outcomes. Models with the best explanatory power 
included IAPV as one of the independent vari- 
ables. IAPV was found increase the risk of 
CCD (odds ratio ~ 65, P< 0.0001 ) with a trend 
for increased CCD risk in samples positive for 
NN. apis (odds ratio = 9, P = 0,083). Neither 
KBV nor N. ceranae contributed significantly to 
the risk for CCD, nor did they alter the influence 
of IAPV on CCD. 

TAPV was first described in 2004 in Isract 
(28) where infected bees presented with shivering 
wings, progressed to paralysis, and then died just 
‘outside the hive. All of the CCD operations that 
‘were sampled used imported bees from Australia 
‘or were intermingled with operations that had done 
so. Importation to the United States of bees from 
‘Australia began in 2004, coinciding with early 
reports of unusual colony declines. Although 
the shivering phenotype is not reported in im- 


Table 2. Analysis of pools of bees tested for candidate pathogens. Numbers in the CCD, Non-CCD, and Total 
colurms represent the percentage of samples found tobe positive among all samples tested in each category. 
‘The positive predictive value represents the probability that a postive result fora given agent i associated 
with CCD. The sensitivity is the probability that test results wil be positive in all CCD cases. Specificity is 
defined as the probabitty that all non-CCD samples will be associated with negative test results 


east cco Non-ceD Total pers Sensitivity Specificty 
(30) w=2)— n=say—Preictive ay) ron) 
inv 25(633%) 16.8% 26610%) 962 33 952 
kev 30 (100%) 16 (76.2%) 46 (90.2%) 65.2 100 238 
N apis —-27(90%) 047.6%) | -37 072.5%) 73.0. 900 524 
Ni. ceranae 30 (100%) 17 @O9%) 47 (92.1%) 63.8 100 190 
Alltow — 23(76.7%) 00%) -23(45.0%) 100 767 100 
agents 


ported Australian bees or CCD, differences in 
TAP pathogenicity may reflect strain variation, 
coinfection, or the presence of other stressors such 
as pesticides or poor nutrition. The varroa mite, 
for example, which is absent in Australia, immu 
‘nosuppresses bees, making them more suscept 
ble to infection by other organisms, including 
Viruses (/9, 20), Other stressors may include 
chemical pesticides used on plants pollinated by 
‘bees and in hives to control pests. Crop pesticide 
use issimilarin both the United States and Australia. 
Miticides are widely used in the United States but 
‘not in Australia and can have adverse effects on 
‘colony health (2/); however, miticide use did not 
differ between CCD and non-CCD operations, as 
determined by detailed case histories (22), 

‘We used CCD asa mode! to establish a strat- 
egy for investigating epidemics of unexplained 
infectious disease. Metagenomic sequencing en- 
abled rapid assembly of a comprehensive in- 
ventory of microflora in CCD and non-CCD 
‘populations and provided the foundation needed 
to address the significance and provenance of can- 
didate pathogens, We have not proven a causal 
relationship between any infectious agent and 
CCD; nonetheless, the prevalence of IAPV se- 
‘quences in CCD operations, as well as the tem 
poral and geographic overlap of CCD and the 
importation of IAPV-infected bees, indicate that 
TAPV isa significant marker for CCD. 
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Coactivation of Receptor Tyrosine 
Kinases Affects the Response of 
Tumor Cells to Targeted Therapies 


Jayne M. Stommel,* Alec C. Kimmelman,** Haogiang Ying,’ Roustem Nabioullin,* 
Aditya H. Ponugoti,? Ruprecht Wiedemeyer,” Alexander H. Stegh,' James E. Bradner,* 
Keith L. Ligon, Cameron Brennan,* Lynda Chin,**” Ronald A. DePinho***= 


Targeted therapies that inhibit receptor tyrosine kinases (RTKS) and the downstream 
phosphatidylinositol 3-kinase (PI3K) signaling pathway have shown promising anticancer activity, but 
their efficacy in the brain tumor glioblastoma multiforme (GBM) and other solid tumors has been 
‘modest, We hypothesized that multiple RTKs are coactivated in these tumors and that redundant inputs 
drive and maintain downstream signaling, thereby limiting the efficacy of therapies targeting single 
RTKs. Tumor cell lines, xenotransplants, and primary tumors indeed show multiple concomitantly 
activated RTKs. Combinations of RTK inhibitors andor RNA interference, but not single agents, 
decreased signaling, cell survival, and anchorage-independent growth even in glioma cells deficient in 
PTEN, a frequently inactivated inhibitor of PI3K. Thus, effective GBM therapy may require combined 


regimens targeting multiple RTKs. 


BM, the most prevalent tumor in the 

-central nervous system of human adults, 

is among the most lethal cancers, with a 
median survival of ~12 months (/). Aberant 
activation of PI3K pathway components appears 
‘tobe universal in human cancer, including GBM. 
PI3K is activated upon binding phosphorylated 
RTKs andor adaptor proteins at the plasma 
membrane and signals to multiple downstream 
effctors, such as Akt (2). Over 80% of GBMs 
show robust Akt activation, and 40 to $0% have 
lost or mutated PTEN (3), underscoring the im- 
portance of the PI3K pathway in gliomagenesis 
(A). Activation of the RTK epidermal growth 
factor receptor (EGER) is a critical pathogenetic 
‘event, with amplification, mutation, and. rear- 
rangement observed in more than 400% of cases, 
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‘making it a compelling target for therapeutic in- 
hibition (5, 6). Other RTKs, such as the platelet- 
derived growth factor receptors and fs (PDGFRa 
and PDGFRB) and MET (/, 7), have been 
reported to be altered in GBM, albeit at lower 
frequencies. Notably, anti-PDGFR therapy has 
failed in GBM patients (8), and only 10 0 20% of | 
patients benefit from EGFR inhibition (9), point- 
ing to confounding factors that attenuate the 
response to RTK inhibition. 

‘Coexpression of wild-type (WT) PTEN and a 
constitutively active EGFR (vill mutant) in 
GBM correlates with clinical response to EGFR 
inhibitors, indicating that PTEN is a response 
biomarker for anti-EGER therapy and that its loss 
renders these agents ineffective by dissociating 
EGER inhibition from the abrogation of PI3K 
pathway activity (/0). Altematively, the activa- 
tion state of critical survival pathways, such as 
PI3K. and mitogen-activated protein kinase 
(MAPK), may be determined by the sum of mul- 
tiple inputs, and multiple RTKs besides EGFR 
‘may be simultaneously or sequentially used by 
GBM cells to maintain signal flux through such 
pathways. In such a multipleinput system, single- 
‘agent anti-EGFR inhibition might be incapable 
Of sufficiently suppressing PI3K signaling in the 
‘context of unopposed activation by PTEN loss, 
resulting ina lack of clinical efficacy. That is, the 
total signal flux through the PI3K pathway may 
dictate the response to upstream RTK inhibition, 
and multiple inputs to PSK signaling would thus 
‘confer insensitivity to the inhibition of any single 
agent. 
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To evaluate this possibility, we sought evi- 
dence that multiple PI3K activators coexist in 
‘glioma cells (//). Because PIBK is activated by 
binding phosphorylated proteins to its regulatory 
subunit, p8Sa, we performed anti-p85a immu 
noprecipitations to identify PI3K-activating pro- 
‘cins, Multiple tyrosine-phosphorylated proteins 
\were Found to bein the PL3K complex (fig. SUA). 
Guided by Seansite (hup//scansite.mit.edu (12)], 
\hich identifies potential p8Sa-binding proteins, 
wwe confirmed the endogenous PI3K interaction 
with specific RTKs by coimmunoprecipitation 
assays. For example, S out of 14 cell tines 
showed activated ERBBS (fig. S1B), which me- 
dates the binding of EGFR and ERBB2 to PI3K 
(13), and 9 out of 20 cell lines had activated 
‘growth factor receptor- bound protein 2 (Grb2) 
associated binder 1 (GABI), a docking protein 
that binds activated RTKS directly or through 
Gib2 (14), In seven of these 20 cell lines, highly 
phosphorylated GABI coimmunoprecipitated 
‘activated MET (fig, $2) (15), 

To define the compendium of coactivated 
RTKs in GBM, we used an antibody array’ that 
allows simultaneous assessment of the phospho 
rylation status of 45 RTKs. Consistent with figs. 
SI and S2, three or more activated RTKs, includ= 
ing EGFR, ERBB3, PDGFRa, and MET, were 
detected in each of 19 out of 20cell lines (Fig, 1A 
‘and table S1), Most activated RTKS remained 
phosphorylated under serum deprivation and in 
‘tumor cell xenografts (Fig. 1, B and C), indi- 
‘cating thatthe RTTK activation in the transformed 
cells is not due to ligands in serum-containing 
‘culture media. Finally, RTK coactivation is nota 
distinctive feature of glioma cells, because simi- 
lar pattems were detected in other solid tumor 
types such as lung and pancreatic adenocarcino- 
ma cell lines (fig. $3). 

‘To explore the therapeutic implications of 
RTK coactivation, we used U87MG_ glioma 
cells that constitutively express WT EGFR, 
EGFRVIII (EGFR®), or a kinase-dead EGFRVIII 
(EGFR*-KD) at levels comparable to those ob- 
served in primary GBMs (/6). Although MET is 
phosphorylated and bound to GABI in U8S7MG 
cells (Fig. 2A and fig. S2B), activated MET 
was substantially displaced by EGFR in the 
GABUPBK complex when WT EGFR and EGFR* 
‘are expressed. This outcome required the catae 
lytic activity of EGFR, because EGFR*-KD 
‘only modestly displaced MET (lane 4 in Fig. 
2A), Because EGFR*-KD was expressed at lev- 
cls similar to those of WT EGFR and EGFR®, it 
is unlikely that the displacement was simply a 
‘consequence of ectopic overexpression. This ap- 
parent “swapping” of RTKs within the PIK 
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Fig. 1. Multiple RTKs are A 
activated simuttaneously 
in glioma cell lines. (A) 
Whole-cell extracts (WCES) 
from the glioma cell lines 
N382, SF763, LNB, and 


‘complex did not alter downstream signaling (ight 
‘panel in Fig. 2A), indicating that MET and EGFR 
act as redundant but independent inputs to their 
signaling networks. Consequently, coactivated 
MET (or other RTKs) would be expected to ren- 
der anti-EGFR inhibition ineffective in extin- 


683 were incubated on guishing downstream signaling by replacing 
RIK antibody arrays, and Pd ‘activated EGFR in the PI3K complex. 
pipiens ESSE MCGEE ABET SSRREP To alos whe cman RIK or 
Sone on 11.P-ROR2 12. P-EPHAT resistance to single anti-RTK inhibition, we ex- 
a amined the consequences of single and combined 
anigoshetone —B_ESETNTERT NHA wy tats SPEER ol WET Ee 
parol acinepatani wot, ry ; EGER? cells with these two coactivated RTKs, 
The pats of dos i each wt Sa. using P-Akt and P-S6 ribosomal protein as mola 
Grermepatmer tect s+ lar surogates of downstream RTK signaling. 
trols, Each pair of postive starved! ba We first confirmed that treatment with either an 
TK dots is denoted by a - Se EGER inhibitor (erlotinib) or a MET inhibitor 
red numeral, with the 1. PHEGFR 2. P-EPHAT 3. P-AXL (SU11274) effectively blocked phosphorylation 
‘identity of the correspond 4. P-POGERS 5. P-EPHAZ ‘of their intended targets in U87MG-EGFR* cells, 
ing RTKs listed below the c SF767 (fig. S4A), Although treatment with cither 
arrays, These arrays are 2 inhibitor alone had no discemible effect on 
representative of varius xenograft Far PISK association with GABI, combined inhibi- 
TK coexpression pattems UMOFS tion with both erlotinib and SU11274 resulted in 
in the 20 glioma cell ines te the release of p8Sa. from the RTK/GABI cone 
‘eamined in table $1. (B) Cultured serene plex and faster migration of GABI, which is 
RTK antibody arrays were cols ow ‘consistent with a reduction in GABI phospho- 


used as in (A) with WCES Aation. Accordingly, downst 8 

“ 1. P-EGER 2. P-ERBEZ 3. PERBBS 4 y ngly, downstream signa 
from an immortalized ‘5. PEPHA’ 6. P-EPHA2 7. PINSR. measured by P-Akt and P-S6 was inhibited only 
human astrocyte cell RR PDOPRD (CRI \when two inhibitors were combined (Fig. 2B) 


tine [E6/E7MTERT NHA Moreover, combined RTK inhibition signiticant- 
(29) or the glioma line LNZ308 grown in 10% serum (log) or grown for 48 hous in .05% serum 1 Yecreacad viability of caturad URT-EGER® 
Gerum starved. (C) RTK antibody arrays were used as in (A) to compare RTK activation in WCEs from mcr. Vibully, OF tur AT-M 
xenograft tumors derived from the glioma cell lines SF767 or LN340 or from the corresponding in vitro Se ecicaen toned ih sringent 


cultured cells. 
Fig. 2. Inhibition of multiple RTKS is necessary to A B 

abyogate 13K and reduce cel survival. (A) The PI3K/ WCE U87MG-EGFR’ 
GAB1 adaptor complex can readily switch between £ 2 fe. SS ae 
[MET and EGER binding with litle discernable effect SES SIF wownnnsor es EV EEE 
‘on downstream signaling. UB7MG parental cells or gees” greets — 


cells constitutively expressing WT EGFR, the activat- 
‘ng vil deletion mutant (EGER"), or the vill mutant 
with an inactivating mutation in ts kinase domain 
(EGFR*-KD) were immunoprecipitated OP) with an 
antibody to the RTK/I3K adaptor protein, GAB 
(left), and then immunoblots were probed with the 
indicated antibodies. Heavy chain (he) is shown to 
demonstrate equal immunoprecipitation efficiency. 
\WCEs from the same cells were immunoblotted with 
the indicated antibodies. (B) (Top) U87MG-EGR* MAPK Semereeee 
‘cells were treated with each ofthe RTK inhibitors [10 


Hl 
Gabt jm le 


Ne ae eee 


a ————— 


PMAPK geass 


ss = 


uM erlotinib (8, 10 uM SUI1274 (5), andor 10 uM D 

imatinib ()], and then WCEs were immunoprecip+ 12 ~ 2000 
tated with an antibody to GABI, eluted, and gg). I Maiheintaal Verma -sotre 
{immunoblotted with antibodies to pBSa or GAB. > i B 1500. 

Note the faster migration of GABA in lysates from = 08) € 

RIK inhibitor-treated cell which fsconsistentwitha B ag I | @ 1000 

decrease in phosphorylation. (Bottom) WCEs were > | 2 
immunoblotted with the indicated antibodies. (€) % °4 ht 3 

Treatment wth mutiple RIK inhibitors decreases = all 1 (IL I q | 8 

U87MG-EGFR* cell viability. Cells were treated for 72 | Fi 

hours with combinations of 10 ME, 20 uM S, and wt ES 1 ES El St ES actD unt —€ S| €S El SI ES! 


10 4M |, oF with 100 nl actinomycin D (actO) in 

(0.05% serum-containing medium, and then cell 

viability was assayed by adenosine triphosphate quantitation. Error bars  EGFR* cells Cells were plated in 10% serum and 0.4% agarose-cortaining 
indicate SEM n = four experiments. unt, untreated. (D) impact of single and growth medium with 10 uM of each of the indicated RT inhibitors. Colonies, 
‘combination RTI inhibitor treatments on soft-agar colony formation of US7MG- were counted after 18 days. 
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Fig. 3. Targeting mutiple activated RTKs abro- 
gates cell signaling, anchorage-independent 
‘growth, and viability. (A) The glioma cell tine 
LN382 was treated with the indicated RTK 
inhibitors in. 0.05% serum-containing medium 
and immunoblotted a5 in Fig. 2B. The activated 
TKS detected in these cells on antibody arrays as 
in Fig. 1A are indicated beneath the blots. (B) 
Combined RTK-inhibitor treatments inhibit soft- 
agar colony formation in LN382 cells when plated 
and treated as in Fig. 2. (C) The inhibition of 
multiple activated RTKs decreases cell viability. 
L382 cells were treated with 10 jiM E, 10 uM S, 
and/or 10 j1M |, or with 100 nM actO, and then 
cell death was assayed as in Fig. 2C. Error bars 
indicate SEM n = four experiments. (D) Soft-agar 
colony inhibition by MET siRNAS combined with 
RTK inhibitors. LN382 cells were transfected with 
[MET siRNA (iM) or a scrambled negative control 
(© and plated and treated with the indicated RTK 
inhibitors as in Fig. 20. 


Fig. 4, Multiple RTKs are concomitantly activated 
in primary GBMs. (A) Antibody arrays were 
performed as in Fig. on protein lysates extracted 
from snap-frozen primary human gliomas or 
normal brain autopsy material. (B) Coexpression 
‘of phospho-RTKS in cells dissociated from primary 
GBM MSK199. Individual tumor-derived cells were 
immunofluorescently stained with the phospho- 
RTK antibodies P-EGFR, P-POGFRa, P-insR, or P- 
CSFAR. Each row depicts one field of cells from a 
slide simultaneously stained with the indicated 
antibodies. DNA is labeled with Hoechst 33342. 
Nestin is expressed in neural progenitor cells, tu- 
mor endothelial cells, and diffuse gliomas, includ 
ing astrocytomas and GBMs (20), and olig2 
‘expressed in neural progenitors, normal otigoden- 
drogtia, and diffuse gliomas (22). The bottom row 
depicts cells stained only with secondary anti- 
bodies. 


www.sciencemag.org 


EF 


” LN382 - mut PTEN id 
= 1500 
RrKinnitor:- € SE 1 FSS ; a] 
Pad SE! 1000 
ps6 ——————~ > 
§ 500) 
20 eee eee 3 
P-EGER, P-EPHAT, P.MET 
P-POGFRa. P-POGFR} me ST es ee EST 
C. D MET RNAI +/-RTK inhibitors 
LN382 “ 
wl 0 
. 3 30 
z § 2» 
$ os! ee 
= L Boe 
Boa iw 
rl 100. 
ua 
og SS 
MSK199 MSK271 
-: - *E) cs. 
+ es) Se T 
-« -~«@ 2 had 


1. PEGFR 2 P-ERBBS 
3. P-POGFRu 4. P-POGFRI 
5. PAINSR 6. P-CSFIR 7. P-RET 


MSK274 
a S 
+ 2 
° . 
1. P-EGFR 2 P-ERBES 
PANSR 4. P-RET 


1. P-EGER 2. P-POGFR« 
3. P-POGFR( 4. P-CSFIR 


5S. PAINSR 
MSK193 
23 
- -! - 


1. P-EGFR 2. P-MSTIR 
3. P-POGFR) 4. P-MUSK 


1, PLEGFR 2. P-POGFRU 
3.P-POGFR)\ 4. P-VEGFRI 
INS 


normal brain 


SCIENCE VOL 318 


12 OCTOBER 2007 


289 


| REPORTS 


290 


anchorage-independent growth assay (Fig. 2D 
and fig, S4B), whereas single inhibitors: were 
less effective. In line with the lack of detectable 
phospho-PDGER or ¢-KIT in US7MG-EGFR* 
cells (fig. S4A), treatment with the PDGFR/c- 
KIT/abl kinase inhibitor imatinib only slighty 
affected PISK. activation (Fig. 2B); however, 
‘when combined with erlotinib and SU11274, 
triple inhibitor treatment eliminated residual 
P-Akt and P-S6 activity (compare lanes 4 and 8 
in Fig. 2B) and conferred the mast dramatic in- 
hibition on viability and anchorage-independent 
‘growth (Fig, 2, C and D), possibly reflecting the 
inhibitory activity of imatinib on other kinases in 
these cells (17), 

though it has been reported that PTEN loss 
abrogates the response of GBM to EGER inhib- 
itors (0), our finding that combination treat- 
‘ments significantly reduced P-Akt and P-S6 in 
PTEN-mutant US7MG-EGFR® cells (Fig. 2B) 
suggests that, even with PTEN deficiency, com 
bined signaling from multiple RTKs is required 
‘tomaintain downstream pathway activation, such 
4 that of PISK. To examine whether inhibition of 
ccoactivated RTKs via combination therapy mit- 
igates PISK. activity in other PTEN-deficient 
glioma cells, we subjected multiple cell lines, 
either WT or mutant for PTEN, to single and 
combination treatment with erlotinib, SUL1274, 
and imatinib, Consistently, PI3K signaling was 
reduced oF completely abrogated with combined 
inhibition of covctivated RTKs irrespective of 
PTEN status (Fig. 3 and fig. SSA). Addition- 
ally, inhibition of PI3K activity via RTK inhi- 
bition abrogated anchorage-independent growth 
and cell viability (Fig. 3, B and C, and fig. $5, B 
and), The decrease in cel viability was mediated 
in part by inhibition of PISK signaling, because 
‘transient transfection of either myristoylated Akt 
orp! 10a-CAAX (C, cysteine; A, aliphatic amino 
acid; X, any amino acid) inereased cell viability 
in drug-treated cells (ig. S6, P< 0.001). At the 
‘same time, the inability to completely rescue via- 
bility indicates that PI3K is not the sole mediator 
‘of functional RTK signaling. In these treatment 
studies, we are aware that (i) many kinase in- 
hibitors exhibit activities against multiple kinases 
in addition to their primary targets (/7) [e.g 
'SU11274 diminished P-PDGFRB in LN382 cells 
(fig. SSD)] and (i) a particular RTK may not be 
represented or be detected as activated on an 
antibody array. Nevertheless, in three different 
glioma cel Lines, colony formation and cell via- 
bility were partially inhibited by single and dual 
treatment with RTK inhibitors but were most 
affected by combined treatment with all three 
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inhibitors (Fig. 3, B and C, and fg. $5, Band C). 
Given the potential nonspecific actions of these 
agents, particularly SUI1274 [the U.S. Food and 
Drug Administration (FDA)-unapproved MET 
inhibitor], we used RNA interference (RNAi) 
against MET to verify that genetic inhibition 
of MET can similarly confer enhanced snti- 
‘oncogenic activity of erlotinib and imatinib in 
L382. Indeed, transfection of LN382 cells with 
MET small interfering RNAs (siRNAS), in 
‘combination with erlotinib and imatinib, resulted 
in a nearly similar level of inhibition in softagar 
‘colony formation in an anchorage-independent 
growth assay (Fig. 3D). Similar trends were ob- 
served with RNAi against PDGFR and EGFR 
(fig. $7). These results support the view that, even 
in PTEN mutant cells, more robust anti-oncogenic 
effects can be achieved through combined inhibi- 
tion of relevant upstream signaling inputs. 
Finally, we assayed untreated primary human 
‘GBM tumors from newly diagnosed patients for 
evidence of RTK coactivation. In contrast with a 
normal brain specimen that had no detectable 
RTK activation, cach of the 14 GBM samples 
examined by antibody amay profiling harbored 
multiple phosphorylated RTKs (Fig. 4A and 
table $2), These included known GBM RTKs, 
such as EGFR, PDGFRa, and MET, as well as 
RTKs not previously linked to GBM, such as 
RET, MSTIR, and CSFIR. Given the well- 
known intratumoral heterogeneity in GBM, we 
Performed immunoftvorescence staining with 
phosphospecific antibodies against multiple 
RTKs and observed coexpression of activated 
RTKs in individual dissociated cells from a pri- 
mary GBM (Fig. 4B). Together with the in vitro 
data above, this evidence of in vivo RTK coac- 
tivation supports our hypothesis that concomitant 
activation of multiple RTKs serves to reduce de~ 
pendence on any single RTTK for the maintenance 
‘of critical downstream signaling in a complex 
tumor microenvironment, thus rendering, such 
tumors refractory to single-agent RTK inhibition. 
‘The findings of this study provide a rational 
explanation for the feeble clinical responses to 
RTK-inhibitor monotherapy for many solid 
tumor types and anticipate more favorable out- 
‘comes by combinations of drugs agains different 
activated RTKs oF single drugs with inhibitory 
Activities against multiple activated RTKS. More- 
over, by demonstrating the capability to rapidly 
profile the activation status of most members of 
the RTKs in resected GBM specimens and the 
use of such profiles to tailor rational combination 
therapies, this study provides proof-of-concept 
for the eventual implementation of a “personal- 


ized” therapeutic paradigm in human cancer (18). 
Because FDA-approved RTK inhibitors are 
available and additional drugs are under devel- 
‘opment, this treatment paradigm could be readily 
implemented for cancers that are currently highly 
refractory to existing therapies, 


References and Notes 
1 EA Maher eta, Genes Dev. 25, 1311 2000). 
2 LC Cantey, Science 296, 1655 (2002), 
3. J. Liet al, Science 275, 1943 (1997. 
| H.Wang of al, Lab invest. 84, 981 (2008 
S.A ELObeid ef al, Cancer Res 57, 5898 (1997) 
16M. Magane eta Cancer Res. 56, 5079 (1996) 
7. B. Milich, H P. Sater, U. Fischer, € Meese, Anticancer 
es. 14, 577 (1994) 
PLY. Wen eta, Gln. Cancer Rex. 12, 4899 (2008) 
9, LN. Rich et al, J Gln, Oncol 22, 133 (2008), 
10. LK. Mingo eal, N Engl. J Me. 353, 2012 (2008), 
1. Materials and methods and supplementary figures are 
anallable a6 supporting material on Science Online 
1.C. Obenaver, LC. Caley, MB, atl, Mucee Acs 
fs. 31, 3635 (2003). 
13, NE Hynes H.A Lane, Mat ev. Cancer 5,341 006), 
14, H. Gu, B.G. Neel rend Cll Bol. 13, 122 (2003), 
15, KM. Welder eto, Nature 384, 173 (1996. 
A. Nishikawa ef al, Proc Natl. Acad. So, USA 92, 7727 
1990, 
1, M.A Fant a et etc, 23,229 208 


6 (202) 
20. K. Suganara e al Lab nest 82, 348 (2002). 
1 LUgonet a Newnpatot bp. New 63,479 2004), 
22, We hark W. Cave and .Furnai for lioma cel bes, 
Peper fr the E/E NTERTrorma buna fobs 
‘A.Qua fr the my-Ait contr; members the Deno 
and Gin borates, |. ngeman, and LC, Cry tor 
‘lp dkcssirs; and YH, Naa B Feng. and). Zhang fo 
‘olfermatihep. JAS. funded bythe Aner Bran 
uth Kshs Nabonat 
4 unde by the Ameria Bran 
Tumor Awaclton, ACK. a recpet of he Leonard B. 
‘akan Research Pati Feowsip, RW. super bya 
ied Scheel Flown (Deutch Krebs), Gran 
‘uppat comes fam The Cauda Ada Bat Foundation 
‘AHS), the Golds Foundation (LC), and NH grants 
ROLCAPHOAL (LC) and SPOICAVSENG RAD, LC, CA, 
fad RLU), RAD. san Rnercan Cancer Solty Reseach 
Profesor and a Elon Maal Foundation Scholar and 
supped by the Rober Aan Renee E. Beller Foundation 
Inst for Imavaive Cancer Science. This werk was 
‘conducted solely athe Onna Farber Canc tute and as 
‘0 indutial connection oiler, RAD. isa member e 
‘the Snir Adscr Bordo Abtet Pharmaceuticals and isa 
‘olourder, wien adr, and dete of Aveo 
Pharmaceutics, LC a clounder and scenic a of 
‘vo Parra 


‘Supporting Online Material 


ww siecemag orgcgicontentul/1 162986001 
Materials and Methods 


Figs, St 
Tabs 51 and 52 
23 March 2007; acepted 31 August 2007 
Published online 13 September 2007; 
1O.1126/science 1142946 

Aoclude this ieformation when cing this pape 


wawwsciencemag.org 


Packaging Extracts 

MaxPlax Lambda Packaging Extracts are a con- 
venient, high-efficiency system designed for in 
vitro packaging of any vector containing cos 
sites. They are supplied as predispensed single 
tube reactions that require no premixing of df= 
{erent components before use. The extracts are 
devoid of all known restriction activities and 
have been optimized for packaging of methy- 
lated and unmethylated DNA. 

Epicentre Biotechnologies For information 
800-284-8474 www.EpiBio.com 


Isothermal Titration Calorimeter 

The {TC200 Isothermal Titration Calorimeter can 
achieve gold-standard binding affinities with 
‘only 200 jit of sample. The instrument deter- 
‘mines all binding parameters label-free and 
Without the need for immobilization, using as lit- 
tle as 5 41g to 10 j1g of protein, Requiring no 
assay development, the unit is designed to 
address the needs of drug discovery and devel- 
‘opment in such applications as hit selection, lead 
‘optimization, and binding characterization. It is 
controlled by an intelligent user interface that 
assists in experimental design and processes 
data at the end of sample runs, Results are pre- 
sented in an Excel format for further analysis or 
data transfer it can be upgraded to a fully auto 
‘mated version capable of running up to 50 sam- 
plesa day and 384 samples unattended. 
‘MicroCal For information 800-633-3115 
ww.ite200.com 


Polysorbate Analysis 
Reverse-phase high-performance liquid chro- 
‘matography can be used with the Corona CAD 
(charged aerosol detection) detector for sensitive 
and robust analysis of polysorbates. The system is 
suitable for both speciation of the various individ- 
tual components of a non-ionic mixture and for 
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X-Ray Detectors 


www.sciencemag.org/products 


The Saturn 944+ and Saturn 724+ are new high-performance charge-coupled device (CCD) based 
area x-ray detectors optimized for macromolecular and small molecule x-ray crystallography, respec 
tively. With 2 four-fold increase in readout speed (to 8 MHz total) and improved signal-to-noise and 


dynamic range, the Saturn+ line of third generation CCD x-ray detectors is optit 


for high-per- 


formance x-ray crystallography applications in which maximum productivity is essential. This new 


generation of CCD detectors delivers high readout speeds without any 


ignificant increase in read 


noise. Both detectors make use of the Kodak KAF-4320E CCD sensor, incorporating transparent 
indium tin oxide technology. A targe-format, front-illuminated sensor, optimized for high dynamic 
‘ange and superior spatial resolution, is coupled with a state-of-the-art, high-speed, 18-bit analog- 
to-digital converter and four-port parallel readout to deliver low noise, a true 17,500:1 dynamic 


‘ange, and fast readout times. 


Rigaku For information 281-362-2300 ww. rigaku.com 


batch-to-batch comparisons to measure variations 
in polysorbate composition from various sources or 
lots of material. Advantages ofthe system include 
low nanogram sensitivity, a dynamic range exceed- 
ing four orders of magnitude, and good precision 
response factors that ae independent of structure. 
ESA Analytical For information 
++44-1844-239381 mnesainc.com 


Hydrogels for Stem Cell Applications 
Extracel-LG hydrogel isa hyaluranon-based, syn 
thetic extracellular matrix that can be easily cus- 
tomized for a specific stem cell type or applica- 
tion, For instance, researchers can add speci 
human growth factors and/or extracellular 
‘matrix proteins to the hydrogel to design the 
‘ideal formulation for their needs. Researchers 
can also adjust Extracel-IG's stiffness, allowing 
an additional level of experimental control. 
Glycosan BioSystems For information 
801-583-8212 www.glycosan.com 


Mass Spectrometer 
The apex ultra Fourier transform mass spectrome- 
ter (FMS) features outstanding dynamic range, 
resolving power, and mass accuracy. Its unique 
refrigerated superconducting magnet technology 
isavailableat 7, 9.4, 12, and 15 Tesla. i provides 
€ powerful and flexible system for top-down pro- 
teomics and the analysis of complex mixtures in 
‘metabolomics. The apex ultra combines the power 
of FEMS with the latest quadrupole technology 
‘complete with linear ion trapping modes) and a 
‘multipole collision cel. It extends the power of FT- 
IMS with improved mass accuracy and resolving 
‘power through the development of tailored, low- 
noise detection electronics. Features include exact 
MS analysis to sub-parts per million levels for 
‘unambiguous determination of elemental chemi- 
cal composition and exact MS(n) capability for 
detailed structural analysis and peptide sequenc- 


SCIENCE VOL318 


ing. Automated software confirms composition 
with m/z and isotopic pattern information. 
Bruker Daltonics For information 
978-667-9580 www.bdal.com 


Grinding Resin 
Designed for the extraction of proteins and DNA, 
E2-Grind consists of grinding tubes containing a 
high-tensile microparticle grinding resin and 
matching pestles. The grinding resin is a neutral 
abrasive material and does not bind protein or 
nucleic acids. The combination of the matching 
pestles and resin effectively disrupts tissues, 
cells, cell organelles, and nuclei. 
Genotech/G-Biosciences For information 
800-628-7730 www.GBiosciences.com 


Cell Migration Assay 

The sensitive and flexible Oris Cell Migration Assay 
provides key features that ae critical to researchers 
performing cell-based assays. The assay is highly 
reproducible, allows for kinetic and endpoint stud- 
‘es, permits multiple approaches to cell labeling, 
makes use of readily available lab equipment, 
allows for morphological analysis of cells, and is 
available in a convenient, 96-well format. The 
assay isoffered as aone-plate starter pack and as a 
five-plate refill pack. Cell migration is critical to a 
variety of bodily processes, including tumor cell 
metastasis, wound healing, development of new 
blood vessels, and tissue regeneration. 

Platypus Technologies For information 
(608-237-1270 ww platypustech.com 


Newly offered instrumentation, apparatus and laboratory 
‘materials of iterest to researchers in all disciplines in aca- 
emic, industrial and government organizations ar featured 
in this space. Emphasis is given to purpose, chil characters- 
tis and availabilty of products and materials, Endorsement by 
‘Science or AAS a any products or materials mentioned snot 
‘implied. Additional information may be obtained {rom the 
smanuactces or supple. 
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Agpeinument aondtions tenure wack, sine months, 
fall me. Proposed sear date: August 16, 2008, The 
Raamond F- Raker Contr for Plant Receding and the 
Departmen of Agronomy ites applications for 3 
faculty penton in plant breading The seco cn 
dixie wil develop and utlize cortemporary breeding 
methods and emenging technologies to improve cul 
tars ard germplasm of forags and ocnergy cops 
aaiptal w the upper mikhwester United States. Crop 
include plant species that support fvestock and/or 
thoenergy production satemn. The individual wil be 
able to participate in taterdsciplinary esearch tears 
such as the sustainable agicultare and bisencesy 
Programs. The appoint wil be expected 1 atrack 
Sxtamural funding, reese improve cukivars and 
iemplaims, supenise the watewale forage tasety 
testing program, and publish research in pect wc 
journab. This postion is secn as 7 percent research 
fiat 25 percent teaching. Teaching may iolide un 
dergraduate and. graduate chssroom instruction, 
ising undergraduates, or directing undengraduate 
research. Sapervnion and adviing uf plant breeding 
‘graduate udents, participation i curriculum devel 
Spence euteach prorat, and periemance of Uni 
‘nity serie ae ao expected, lowa State University 
{Speci seeks candidates who will contribute wo the 
“iventy an excdlence ofthe academe community 
through thee esearch, teaching, and outreach. Lowa 
State Univenity (ISU) is one of the coursrys lead 
ing agricultural research univenies and i in One of 
the top agricultural state in the United States. Lo 
cated tn the sity af Ames, ISU isin the beara of 
nd agriculture. Ams has aburalant ree 


reational and entertainment opporuurities and an 
uaa schond ste. Tat fay penn a 
neturiics for the developeicn 


rere bentecnbeny sone 
‘mental faculty, all 
research onganizations such asthe 
Research Service, and other state an national partners 
Required qualifeations: Ph.D. in plant breeding 
for relited field with background in ant breeding 
field method and Laborawey analyses experience that 
demonsteates statistical expertise; training. in molec 


tar technologies, and excellent written and oral com: 
‘munication stl 
Preferred quafications: postdoctoral trating in a 


field relited to plant breeding and/or at least one 
year of experience in cukivar development. Skill ia 
the applicition of emerging statistical and molecular 
technologes to plint breeding. Experience in one oF 
‘more of the following: plant pathology, entomology, 
yronimic crop production, quantitauve penetics, sa 

{tical genetics, oe bioinfomatics; documented ab 

ity w work collaboratively with researchers, industry, 
farmer, and consumers documented evidence af pro- 
fessional interest, proficency and eaperience i re 

search and teaching; Salary: commensurate with 
Guilfications. Application instructions: Please send 
2 letter of application, curriculum vitae, credentials, 
descriptions of teaching and research interests and 
experience, and the name, adkes, and telephone num: 

tap of eee rence wo: De. Kendall Lamy, 

‘0 Agronomy, 2101 

Ely Yow’ Sune Unicrys Ames: LA S00TL: The 
application deadline is November 30, 2007, o¢ wn 
the position is fled. 

“Montana State Univenity Department of Microbiol 
‘ogy secks an infectious deme MICROBIOLOGIST 
fe a tenure-track position at the ASSISTANT, AS- 
SOCIATE, or FULL PROFESSOR level, Respon: 
Sites include teaching at the undergraduate’ and 
graduate levels and developing or maintaining an ex 
‘eamurally funded ‘progam. Candidates for 
this postion should have current extramural funding. 
(Contpetiive sary and startup funds are avaiable. Por 
smoce information and to apply please sce our website: 
hep: //scwrs montans.cdu/exi-bin/msuinto 

2. Screening oF applicauons will be 
Br and conginue until the poxtion 
5 filed. MSU, Bozemar, at ADA/Affimutice Acion/ 
xual Opponsity/Vexrame™ Prferace Employ 
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INSTITUT PASTEUR 


POSTDOCTORAL FELLOWSHIPS 
Institut Pasteur, Paris, France 

Founded in 1887 by Louis Pasteur and lo 
cated in the heart of Pars, the Institut Pasteur 
is 3 work! renowned private research orgs 
tization, The Pasteur Foundation of New York 

secking outstanding fellowship. applicants 
Candidates may apply to any laberatary within 
10 Deparuments: Cell Hielogy and Infection, De 
velopmental Bidogy, Genemes and Genetics, 
Immunology, Infeason and Epidemiology, Mi 
crubidlogy, Neuroscience, Parasitology and My. 
cology, Structural Biology and Chemisty, and 
Virelogy. Sce website for details, Annual pack 
age is $70,000 for thrce years, This isa biannual 
‘all for applicants; soe Website for deadlines, 


INTEGRATIVE VERTEBRATE 
PHYSIOLOGIST 

The Deparmcet of Holy at Colorado State U 
vende ives appcations for ile tenure trac 
fScly post In stepaie vencbate phology 
tthe rank of ASSISTANT PROFESSOR. Comat 
ive ppt il tvenigate plniogcal prowcs 
that iterate acrns complex Sytem he ore 
tory and/or ld and addres mechanistic es 
2 thee tans, gn ro nga el 
Conf candidat lc 


publications, 
Foie ese Hevea wil he wren 
mal forsubmting lncry online, Complae app 
ator of son flew be neal ol gy 
faculty. Calado Sut Unity tan Aft Aon 
{gud OppoonyEnpoyr Oe of ligal yor and 
Dire 101 Sidon Sc 


NATIONAL UNIVERSITY of SINGAPORE 
Department of Chemie omolecular 
Engineering 

of Chemica! and Biomolecy 
lar Engnctring at National Univer of Singapore 
{ite appictions for TENURE-TRACK.FAC- 
ULTY BOSITIONS all levels. The Department 
18 one ofthe largest ttemationally with excellent 
in-house infasinactare for experimental and cont 
putational rscarch A Ph.D. inchemical engineering 
Sr rebted arear and 2 strong research record with 
icllent pablicattns are rofured. Plc rer to 
‘website: htp://mewachbesnsscduse/ for more 
Eidtion be eee of Shore aad fa ap 
plication detak, Appicnts should send full care 
Slum vie Gacodleg lay publications), a detaled 
fescarch plan, aatsscment of aching inset and a 
ot of names of at ear the erences wo: Profesor 
Rj Rajopopalan, Head of Department (attention: 
(Mz. Nancy Chis, e-mail: nancychia@nas.edu.s). 
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THE INNOVATION 
vyeeeromore TMPERATIVE 


The 2007 version of Science's annual survey of Top Employers features a tight race for first 
place among three companies. It also reveals the key ingredient for all successful employers: 
@ commitment to innovative thinking throughout the product pipeline, from the laboratory to 
the clinic or marketplace. 


For the first time in its six years of existence, Science's survey of Top Employers in the bi 
technology, biopharmaceutical, pharmaceutical, and related industries has produced a win- 
ner not named Genentech, In a desperately close context, last year’s No. 2, Germany-based 
Boehringer Ingelheim, just beat out Genentech and another Califomia biopharma, 
‘Amgen. This year’s survey also marked the arrival in the top 10 employers 
of two firms from beyond the traditional biotech/biopharma/pharmaceu- 

tical cluster: chemical giant DuPont and agricultural company Monsanto. 


Constant Themes 

The lineup of the top employers may have changed, but the themes that 
underpin their success remain largely constant. Respondents to the survey 
lighted the critical importance of innovation. “It's important to have a 
strong commitment to research and innovation as a driver for producing new 
and better medicine for patients and for our own growth,” says Mikael Dolsten, 
executive vice president, and head of worldwide pharma research, at Boehringer 
Ingelheim. Equally important is the ability to develop genuinely new —rather than 
me-too—drugs and other products. “With all our medications, we're attempting to 
develop an understanding of the mechanism of the disease and of which patients 
will respond, so that we can treat those patients who will respond and not those who 
won't,” comments Richard Scheller, executive vice president of research for Genen- 
tech, Adds Roger Perlmutter, Amgen’s executive vice president for research and devel- 
opment: “We use science and innovation to drive advances in medicine.” 

Survey takers—and representatives of top 10 companies—agree that the challenge of ad- 
dressing unmet medical needs also plays a strong role in the perception of companies by 
potential employees and other outsiders. So does the flexibility and nimbleness that arrive 
When even the largest corporations encourage small-irm behavior. “We are succeeding by 
behaving like a small company within a big company,” explains Thomas Koestler, executive 
vice president at Schering-Plough (who placed fourth in the survey) and president of the 
Schering-Plough Research Institute. 

Respondents reported mixed feelings about their business. Issues such as drug recalls and 
failures of promising molecules in the late stages of clinical trials have continued to besmirch 
the industry's reputation. On the other hand, the emergence of new products such as drugs 
for cancer, HIV/AIDS, and rare diseases, as well as progress in stem cell research, are strong. 
positives in the industry's favor. Nevertheless, almost a third of participants said that it was at 
least fairly likely that they would seek a new job within year, 


‘Two Groups of Respondents 

Commissioned by Science's Business Office, Senn-Delaney Culture Diagnostics & Measure- 
ment carried out the web-based survey between May 2 and June 6. This year the study 
volved an expanded group of respondents. In addition to AAAS members, registrants with 
ScienceCareers.org, and visitors to the Science website who had registered with AAAS, for the 
first time Senn-Delaney added a second tranche of survey takers, obtained continued » 


66it's important to have 
a strong commitment to 
research and innovation as a 
driver for producing new and 
better medicine for patients 


and for our own growth. 99 
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Careers in Neuroscience — October 26 


Focus on Diversity 3— November 16 
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2007 | 2006 ‘ >) 
Rank | Rank | ETPloyer (Global Headquarters) Three Top Characteristics 

1 | 2 [Boetingeringetheim dageticim, Germany) [POSES TmPOMANT GATT Us atyrsponstie |p Loyal employees 

2 [1 [Genemtec, ine. South SanFrandsco,ca) |p ltovatveTeaderinthe Pf Does important. qvally I Loyal employees 

3 | & [Amgen (thousand Oaks, cA) Does important. quality ff Insovatveleaderinthe i socaty responsible 
Does impartant, quality > Tamovative Teader in the 

4 | 17 | Schering-Plough Corp. Kenilworth, ND) Laake ‘Socially responsible ow 

5 6 | Genzyme Corp. (Cambridge, MA) Does important, quality Hf innovate eaderinthe Tt socially responsible 

6 | 9 [Novartis (Basel, Switzertanc) Does important, quality Hf innovative eaderinthe i sociaity responsible 

7 |= |ourontqwanington 06 Doesimpatant. 3017 I vy employes Socially responsible 

3 | — [Monsanto (reve Couer MO) toyavaveTeadeinthe ff Does important ually i oyat employees 

9 | 5 [rsrazeneca LC London, Ud Does impart quay ff norte Teaderinthe Wl socty responsible 

10 7 [Johnson & Johnson (New Brunswick, NI) Socially responsible Does important, quality 17 gyal employees 

11 | 8 [etiuiyand company (indianapolis, 6) Does insportant quality Pf eats ts employees with Wy oyal employees 

12 | 10 | Glaxosmithkline (London, UK) Rows important, quality Pf innowatve teaderinthe Tt socially responsible 

13, | = _[itennium Pharmaceuticals (Cambridge, MA) Does important. quality” ff inowtive leaderinthe ff Treats is employees with 

14 | 16 [Marck Co Ine (whitehousestation,n) fp Dees important qaliy[fmnovatveTeaderin the Yt toya employees 

5 11 | Wyeth Pharmaceuticals (Collegeville, PA) pees pecan Suse Socially responsible Loyal employees 

ie — [lctead (Foster city, cA) ong Teaderinthe Does Teor ‘quality Hod is ‘employees with 
‘Does important, qualit ‘Treats its employees with J Innovative leader in the 

17 | 13. [Biogen idec (Cambridge, MA) Rees inprent goally fs ast bs earl ino 

18 | 3 |Rocherhamaceutiats Case swizetana) DSRS inporant eal Pj moativeladeintie Toya employees 

19 | 18° [Abbott (abbott Park, it) Does important, quality Wf socially responsible Loyal employees 
‘Does important, quality ‘Treats its employees with 

20 | 20 | Bristol-Myers Squibb Company (New York, NY) DOCS im? Socially responsible Raper 


‘The 20 companies with the best reputations as employers, according to respondents in the 2007 survey undertaken forthe Science Business Office. 
The companies without a 2006 rank didnot receive enough mentions to qualify during the 2006 survey. 


via an e-mail blast to 968 human resources contacts in industry 
drawn from the AAAS sales database. The traditional list yielded 839 
respondents, while the e-mail blast produced 2,318 more, for a total 
of 3,157. More details on the demographics of the respondents can 
be seen on page 296. 

The survey asked each participant to list the companies that she 
or he regarded as the best, average, and worst employers inthe bio- 
technology, biopharmaceutical, pharmaceutical, and related fields. 
Individuals were allowed to vote for their own companies; in fact 63, 
percent of participants work for the employers that they regarded as 
best. Respondents then rated the companies that they had chosen 
‘on 23 driving characteristics, such as financial strength, easy adap- 
tation to change, and a research-driven environment. To categorize 
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companies on the basis of that information, Senn-Delaney used a 
statistical process that included frequency analysis, stepwise re- 
gression, and discriminant analysis. That resulted in a unique rank- 
ing score for each company rated. Only those companies rated by at 
least 20 respondents qualified for inclusion in the survey. 


Three Tiers in the Top 10 

The top 10 companies occupy three tiers, based on their scores. In 
the top tier, separated by a hair's breadth with ranking scores be- 
tween 90 and 100, are Boehringer Ingelheim, Genentech, and Amgen. 
‘Standing alone in the second tier, with a ranking score in the 80s, is 
fourth-placed Schering-Plough. And rounding out the top 10, scoring. 
in the 70s, Genzyme, Novartis, DuPont, Monsanto, continued » 
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AstraZeneca, and Johnson & 
Johnson occupy the third tie. 

The six most important driv- 
ing characteristics, as judged 
by survey participants, changed 
from those of 2006 in only one 
respect. Doing important qual- 
ity research replaced having a 
clear vision toward the future in 
sixth place, Being an innovative 
leader in the industry continued 
as the most important driver, 
followed by treating employees 
with respect; having work culture 
values aligned with personal val- 
tues; having loyal employees; and 
being socially responsible. 

Inevitably, the leading employ: 
ers scored well on those key driv- 
ers. Respondents gave Boehringer Ingelheim and Amgen extremely 
high ratings on each of the six. Genentech scored top grades on in- 
novative leadership, important quality research, and the loyalty of 
its employees. And Schering-Plough won plaudits for the quality of 
its research and social responsibility. 


Gender: 
59% male, 41% female 


Experience: 


Career Status: 


Company Type: 


Geography: 


No Overnight Success 

The top employers haven't earned their reputations overnight. “Our 
process started in the early 1990s, when we developed a corporate 
vision of how we would establish an environment in which people 
would work well together,” explains Hans-Joachim Geppert, head of 
corporate division human resources at Boehringer Ingelheim, which 
hhas improved from eighth place in 2005. “Then in 2004 we reloaded, 
witha concept that we call Lead & Learn. This outlines ways in which 
we can deliver our corporate vision of Value through Innovation. 

Schering-Plough’s Koestler attributes his company’s rise from 17th 
place last year to a six-to eight-year plan laid out by newly arrived 
CEO Fred Hassan in 2003. A change in name and mission five years 
ago helped Wyeth to break into the top 20 in 2005 and to main- 
tain its position there since. And the arrival of a new CEO helped 
Millennium Pharmaceuticals to regain the place in this year’s top 20 
that it had lost in 2006. 

‘Maintaining high placement also requires a vision for the future. “It 
all starts with our mission, our aspiration, and our values, which are 
very clear to our employees and anyone who seeks a position here,” 
says Amgen’s Perlmutter. “We have a very strong commitment to 
getting the best people in the world and putting them into a system 
in which their performance is enhanced,” says Jeffrey Elton, senior 
vice president of strategy and global chief operating officer of the 
Novartis Institutes for BioMedical Research. 


Ideas and Initiatives 

Recruiting the right people, inculcating them with the corporation's 
values, providing them with scientific challenges, and including 
them in discussion of the company’s goals have played major roles 
in Boehringer Ingelheim’ success. “We encourage everybody to 
come up with ideas and initiatives,” Geppert explains. “To be suc- 
cessful, you need a long-term strategy: you have to convince people 
that you stay with your principles and your ethics.” 


296 


Demographics 


58% have more than 10 years work experience 


3/4 report that they have not yet reached the peaks of 
their careers 


31% biotech, 40% pharma, 17% biopharma; 
more than nine out of 10 work in private industry 


almost 1/4 in continental Europe; 71% from Ni 


Dolsten echoes those points. 
“We have been able to show over 
many years how we build onlong- 
lasting core principles and deli 
er value by efficiently translating 
advances in basic science into 
new medicines,” he says. “This 
continuity operates in a climate 
of continuous change in which 
we provide ourselves with chal- 
lenges. We count on our people 
to contribute and grow together. 
In R&D we aimto have a dialogue 
with our associates as to where 
7 we are heading and what our key 

. drivers are.” 

Trust in its employees earns the 
company a quid pro quo in terms 
of loyalty. “The average time our 
employees stay with us is almost 13 years,” Geppert points out. “It's 
‘not unusual for some to celebrate their 25th and even their 40th year 
with us.” Indeed, the company relies on internal promotions to fill 
80 percent of its key positions worldwide. “This isn’t a primary goal, 
but we feel very comfortable with it,” Geppert says. “It shows that 
we want to give the majority of our people intemal options while we 
like to bring in fresh blood.” 

That approach, combined with Lead & Learn principles, started 
three years ago, has paid dividends intemally and externally. “Our 
emphasis on values through innovation has had a strong finger 
print,” Dolsten notes. “Employees appreciate the company's com: 
mitment to provide drugs that make a true difference to patients.” 
‘And in the past year, he continues, “candidates for jobs from other 
companies have been very interested in learning about Boehringer 
Ingelheim. People have actively contacted us to learn what we stand 
for and about our pipeline of new drugs. Senior scientists have even 
been prepared to make lateral moves to join us.” 


Continuing Success 
Genentech continues to rely on the formulae that have made it so 
successful in the past. “We stick with the science," Scheller says. 
“We have not made any changes in our general philosophy of follow- 
ing scientific innovation in an attempt to develop novel, breakthrough 
medicines to improve and extend people's lives. Our approach pro- 
duces new insights into basic biology. So much of what you learn 
depends on how you ask the questions; we are asking the questions 
a little differently from the academics who study mouse models.” 

The company challenges its scientists in both basic science and 
biomedical research. “People respond to our balance of basic and 
translational research,” Scheller continues. “Our postdoctoral pro 
gram continues to be strong, and to make fundamental discoveries 
that the postdocs can publish. We feel it's extremely important to 
contribute to the general knowledge of basic science.” 

Such knowledge led to a significant medical advance last year. 
It took the form of a molecule that might attack the wet form of 
macular degeneration—a major cause of blindness in alder indi- 
viduals—without causing unpleasant side effects. “We did a long 
series of studies with thousands of patients and showed that this 
medication, Lucentis, actually reduced wet macular continued » 
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1. Innovative leader in the industry 

2. Treats employees with respect 

3. Work and personal values are aligned 
4, Loyal employees, 

5. Socially responsible 

6. Does important, quality research 


Colored backgrounds indicate the characteristics in common for the two years. 


degeneration,” Scheller recalls. “The company is really, really proud 
of this discovery. People work here because of things like that.” 


Encounters with Controversy 

Not every good deed goes unpunished in the biopharmaceutical 
world, however. Ophthalmologists had found that Avastin, a Genen- 
tech cancer drug, could also modify wet macular degeneration when 
injected into the eye. Critics complained that the company priced 
Lucentis at a significantly higher rate than Avastin and prevented 
Avastin's use in the eye. However, Scheller says, “There have been 
‘io clinical studies to demonstrate that Avastin is safe for optical use. 
I's not manufactured to the standards that the US Food and Drug 
Administration requires for use in the eye.” 

‘Amgen had its own encounter with controversy during the past 
year. The company has faced challenges to its anemia franchise, 
including safety concerns that triggered regulatory changes to i 
Aranesp (datbepoetin alfa) and EPOGEN (Epoetin alfa) labels. Pert- 
mutter sees plenty of positives in the fact that Amgen nevertheless 
maintained its position in the top five. “In the face of the challenges 
related to some of our products, we emphasize our commitment to 
patient safety and to scientific research,” he says, “knowing that the 
truth will emerge despite economic and marketplace challenges.” 

Like Boehringer Ingelheim and Genentech, the number three com- 
pany puts strong emphasis on innovation. “We are first and foremost 
science based,” Perlmutter says. “We also try to provide an environ- 
ment in which staff members feel empowered. In R&D, we encourage 
personal and scientific growth; we have a scientific career track for 
those who want to stay close to the lab and a managerial path for 
those who want to get more involved in those areas. We pay a lot 
of attention to leadership attributes. And we offer an enormously 
competitive benefits package.” 


Moving Up the Table 

Echoing Boehringer Ingelheim, Schering-Plough has moved rapidly 
up the table as a result of a fresh management initiative and suc- 
cess in behaving like a small company within a large company. “A 
key component of our strategic plan has been to make long-term 
investments in science and technology, and to stress scientific excel- 
lence. This is demonstrated by our substantial growth in R&D invest- 
ment between 2003 and 2007," Koestler says. “We are advancing 
‘and strengthening our pipeline. Across the organization we are de- 


298 


6. Clear vision toward the future 


livering high performance, at a time when many of 
our industry peers are having issues and in some 
cases downsizing their work forces.” The new em- 
phasis has already led to the discovery of Zetia, 
which Koestler describes as “the first new class of 
cholesterol product in two decades.” 

Novartis, on the other hand, attributes its con- 
sistently high position in the annual surveys to a 
constant approach to drug discovery. “A couple 
of notions pop out more than others,” Elton says. 
“As the first, Novartis overall and the Novartis 
Institutes for BioMedical Research have the com- 
mitment to focus on the unmet needs of patien 
that’s how we design our portfolio, The second 
area involves being an innovator—having unique 
insights, making them practical, and translating 
them into a therapeutic approach.” Like other top 
‘companies, the firm believes in challenging its scientists, “There's a 
very strong emphasis on talent models,” Elton continues, “and we 
take [into account] the opinions of all our associates.” 


‘Two Newcomers 

Two of the newcomers to the top 10 focus on biotechnology beyond 
the pharmaceutical arena. “We have made a very strong commit: 
ment to the food and value chain—to green biotech,” says Uma 
Chowdhry, senior vice president and chief science and technology 
officer for DuPont. “We're also committed to white biotech, the ap- 
plication of biotechnology to industrial production, We're now look- 
ing at the world of biology and asking how to use our tools to make a 
more sustainable world with a focus on biofuels and renewable ma- 
terials, for example." Monsanto, meanwhile, “has been dedicated to 
being a leader in innovation, particularly in agriculture,” says vice 
president of biotechnology Steve Padgette, “We invested heavily in 
biotechnology. Now we're delivering products to customers.” 

DuPont's basic principles mirror those of other members of the top 
10 employers. “Because of our tradition of innovation via science,” 
Chowdhry says, “we have successfully transformed our science into 
successful products for our customers.” Staffers appreciate that. 
“Most employees in R&D stay here because of the caliber of our 
people and the quality of our science that is committed to improving, 
Peoples’ lives,” she continues. 

Monsanto works on similar principles. “We're very much a technol- 
ogy-driven company,” Padgette says. “We have a real commitment 
from our senior executives not only to support our R&D but also to 
make sure thatwe have a really great place forall our employees. We 
have this nice balance between long-term science investment and 
product focus.’ 

The arrival of fresh blood in the corner office helped to reverse a 
decline in the perception of Millennium Pharmaceuticals. Last year, 
the biopharmaceutical company dropped out of the top 20 employ- 
ers. This year, under new chief executive officer Deborah Dunsire, it 
has returned to 13th place. “She has overhauled the entire commer- 
situation and got it on track,” Says chief scientific officer Joseph 
Bolen, “And we have focused the entire R&D organi- continued 
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‘You can find an expanded version of this feature by going to: 
dx.doi.org/10.1126/science.opms.r0700045, 
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zation our most important 
asset. In research, the pro- 
ductivity is finally living up to 
what the expectations have 
been fora longtime.” 

Wyeth has also benefited 
from an improved reputation 
that followed its change of 
name from American Home 
Products and its concentra- 
tion on pharmaceuticals, 
“From the CEO downwards, 
there’s a commitment to the 
belief that basic research will 
deliver the medicines of to- 
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says. “We also spend a lot 
of time monitoring the safety 
of our marketed products.” 
Amgen offers its own assur 
ances. “We're doing a lot of 
work to improve clinical trial 
design and to improve the 
way drugs are discovered and 
developed,” Perlmutter says. 
“We've talked the talk and we 
also walk the walk.” Schering- 
Plough’s Koestler emphasizes 
‘particular facet of improving 
corporate reputations, “It is 
very important that we main- 


Astrazeneca 
© 
yay 
« ouront 
Monsanto 

morrow,” says Frank Walsh, 0 
vice president and head of 
discovery research, “Our drug 
discovery organization has 


been spectacularly success- 
ful over the past few years.” 
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Work and personal values ae aligned (y-axis). 


Positive and Negative Perceptions 

In addition to determining top employers, the survey gave respon- 
dents the opportunity to voice their thoughts about the industry as 
‘a whole and their places in it. It asked them to name recent events 
with the greatest impact on the industry's reputation, to suggest ac- 
tions that could improve that reputation, and the advantages and 
disadvantages of working in the industry. 

Like last year, respondents pinpointed two continuing controver- 
sies as the main causes of negative perceptions of the industry First 
came drug recalls and the medical and legal issues surrounding 
drugs such as Vioxx that had been approved for sale and then had 
proved fallible. Failures in clinical trials, most notably the organ fait- 
tures caused by the immunosuppressive drug candidate TGN1412, 
contributed their own negative sentiment. Other issues included the 
ost of medications and health cate, and changes in the industry, 
such as acquisitions, mergers, downsizing, and outsourcing. 

‘Again echoing last year’s survey, respondents saw plenty of rea- 
sons to applaud the industry. New products and developments, such 
as new drugs for cancer, fresh therapies for rare diseases, progress 
in medications for HIV/AIDS, and advances in stem cell research had 
the greatest positive impact. 

What should companies do to improve their own and the industry's 
reputation? Respondents’ most common advice: Be honest, ethical, 
and more accountable, and educate and communicate with the pub- 
lic. That means admitting mistakes, answering tough questions, be- 
ing forthcoming and open, increasing transparency, and eaming the 
public's trust. Other actions recommended by respondents include 
showing social and environmental responsibility—by doing charity 
work, for example; fostering more collaborative research and fund- 
ing more research; controlling costs and lowering drug prices; and 
demonstrating a commitment to safety. 


Prescriptions for Improvement 

‘Several companies have already taken actions in line with those rec- 
‘ommendations. “We goto great lengths to ensure that patients who 
need our medications get our medications,” Genentech’s Scheller 
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Respect 


Comparison of the top 10 companies on the basis of the top 3 divers (scored out of 100): 
‘Innovative leader in the industry (bubble width), Treats employees with respect (x-axis), and 


tain our sense of humility," he 
says, “while recognizing the 
importance of our contribu- 
tions to improving the quality 
of human life.” 

Survey takers’ ambivalence 
toward the biopharma/bio- 
tech industry extends to their personal places in it. The main advan- 
tages of working in the industry, they ay, include the opportunity 
to have an impact on the world by developing life-saving drugs and 
helping patients to live better lives, On the other hand, respondents 
‘see the industry's negative public image asa major liability. That im- 
age, they say, has led to a loss of credibility, a low public opinion, and 
4 perception that they are members of an untrustworthy industry. 

The decline in the industry's reputation probably accounts for the 
fact that almost one-third of the respondents report that, within the 
next year, it's at least fairly likely that they will seek a different job. 
They give two main reasons: the desire for new challenges and expe- 
riences, sometimes in a new or different field; and a wish for career 
advancement, with the opportunity for professional growth. Other 
reasons include the impending end of a contract, the search for bet- 
ter salary and benefits, the ambition to take on a management role, 
distress at a change in corporate direction, stress in the workplace, 
and strictly personal issues such as location and family reasons, 
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Keep Them Smiling 
The top employers report far lower levels of job seeking among their 
employees. That stems in large measure from their conscious ef- 
forts to keep their scientists and other staffers content. These in- 
clude high salaries and benefits that range from stock options to 
child care help. But the main stimuli for a dedicated scientific work 
force are challenging problems and top-notch colleagues. “As long, 
a5 people believe that the options they have here and the teams 
they work with are the best, they'll stay to make Novartis a company 
that makes people proud to come to work for every day,” Elton says. 
“We try to keep the challenges high and the understanding high,” 
‘Monsanto's Padgette adds, “so that our people can be excited at the 
contributions they're making to the marketplace.” Walsh of Wyeth 
summarizes the approach to retaining talent. “We have a very em- 
powered scientific environment,” he says, “in which scientists can 
make decisions and genuinely direct their science.” 

A former science editor of Newsweek, Peter Gwynne writes about 
science and technology from his base on Cape Cod, Mass, U.S.A. 
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What will Lilly's robust product pipeline 
contribute to the pharma industry? 


We impact lives by delivering answers to some of the world's 
toughest health care questions. And, with over a century of 
experience behind our name, there is no one better prepared 
than Eli Lilly and Company to tackle these questions and the 
challenges of our changing industry. 


At Lilly, you will play an active role in the development of 
breakthrough science and the identification of high-potential 
drug candidates. Your career will benefit rom working with a 
team that embraces new ideas and a creative thought-process. 
Ultimately, your innovative work will provide powerful 
pharmaceutical solutions that will enhance the lives of patients 
throughout the world, 


Lilly is proud to be recognized as one of the Science 2007 Top 
Biotech and Pharma Employers. 


Today and in the future, Lilly will provide “Answers That Matter: 
Eli Lilly and Company is an equal opportunity employer: 


www.lilly.com/careers 


Lily 


‘Answers That Mat 


University of Pittsburgh School of Medicine 
i Department of Otolaryngology 


Faculty Position in Auditory Neuroscience 


The Department of Otolaryngology atthe University of Pittsburgh Schoo! 
of Medicine is expanding its auditory research program by adding five 
faculty positions over the next years. The current position is intended 
to be filled at the level of Assistant Professor but quali 
at other levels will be considered. Individuals using electrophysiologi 
\ior imaging techniques to address fundamental questions about 
jon, development, of plasticity of auditory brainstem circuits in 
‘mammals are especially encouraged to apply. We offer a generous startup 
kaye, state-of-the-art core facilites, and a highly interactive research 
‘ronment that provides ample opportunities for interactions on a basic 
science and translational evel 


Applicants should have a Ph.D. and'ce M.D. degree and several years 
of productive postdoctoral experience. Candidates will be expected t0 
develop a successful, fanded research program and participate in graduate 
‘and medical teaching training, Please submit, preferentially clectroni- 
cally, a curriculum vitae, statement of research interests (no longer than 
3 pages), and the names of three references fo vallom/@upme.edu 
‘Applications can also be mailed to 
Karl Kandler, PRD 
clo Marykay Vallo 
Department of Otolaryngology 
Eye & Ear Institute, Room 127 
203 Lothrop Street 
Pittsburgh, PA 15213 


The University of Pittsburgh is an Affirmative Action 
Equal Opportunity Emplover 


KIMMEL CANCER CENTER 
JEFFERSON MEDICAL COLLEGE 
An NCI-Designated Cancer Center 
Thomas Jefferson University, Philadelphia, Pennsylv 


FACULTY POSITIONS IN CANCER RESEARCH 


‘The Kimmel Cancer enter KCC, an NCI designated Cancer CertorinPiledebphi, 
‘under the direction of Dr. RichardG, Pestll is seoking outstanding, established 
‘investigators for several terureditenure-track positions atthe rank of Associa 
or Full Professor. 

Quatfed candidates wal have an advanced degree, a strong record af independent 
scientific accomplishments, and a solid extramural funding base. An active 
‘rogram in cancer research that intagrates wth existing KCC programs. also 
‘an important erterion for faculty candidates. Existing programs include cancer 
{Genetics and epigenetics, growth contol, cellular signaling tumor 

and virology, apoptosis and angiogenesis. Additional informatio 

Cancer Center can be obtained at htip//www.kimmelcancercente.org. 
‘Successful applicants will be provided with a highly competitive package of 
laboratory space, start-up funding, and salary, As an NCIdesignated Cancer 
Center, KCC provides extensive research suppor through multiple shared 
‘resources, including small molecule, genomic and proteomic platforms, 
Applicants should submit a letter of application, curriculum vitae including 
‘current and past funding, a statement ofresearch accomplishments and future 
‘irectors, and the names of three references 
‘Applications willbs evaluated ona rolling basis and shoud be submited via emall 
ter Dr Steven McMahon, Char, Commitee for Faculy Recrutmment Kimmel Cancer 
Center, Thomas Jetferson University (Faculy Search@kinmelcancercenter. og] 


Thomas 
Jefferson 
University 


D 


Jetferson Medical College is located in Center City Philadelphia, 
a vibrant metropolitan center with rch cuttural and historical traditions. 
Affirmative ActinvEqual Opportunity Employer. 


POSITIONS OPEN 
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“WWW.ars.usda.gov 
“Th hon pent od end ayers gy” 


CENTER DIRECTOR 
U.S. Arid Land Agricultural Research Center (ALARC) 
Maricopa, Arizona 
Senior Scientific Research Service (SSRS) - Excepted Service 
RA-0401-00/00; Salary Range of $140,000 to $165,000 with full, 
potential to $186,000 

Applications must be received by November 26, 2007 
The USDA, Agricultural Research Service (ARS)is seeking a senior-level, 
cutstanding research scientist for a permanent full-time SSRS position. 
This SSRS position is an opportunity for a highly qualified, talented, 
\world-class research scientist to Tead and conduct outstanding research 
in the field of arid land agriculture. 
This position affords the opportunity to: 

* Direct an exciting group of scientists working atthe leading edge of 
agricultural science. 

+ Work collaboratively with university and industry 

+ Oversee state-of-the art facilities with unique physical capabilities and 
pre-eminent scientific equipment. 

+ Impact the Nation's leading issues of arid land agriculture including 
‘Wafer management and conservation; pest management and biocontrol; 
and plant physiology and genetics 

Joinus in enhancing the health and wealth of the Nation and its people 
solving problems, expanding knowledge, delivering answers. 

‘To apply, print a copy of vacancy announcement ARS:SSRS:07-07 from 
the ARS Carcers Website at htp:/www.ars.usda.gov/eareers and follow 
the application directions provided. To have a printed copy mailed or for 
questions aboutthese positions, call Deborah Crump at (301) $04-1448 or 
E-Mail: deborah.crump@ars.usda.gov; U.S. citizenship is requited. 

USDA/ARS is an Equal Opportunity Employer and Provider 


Lead the next generation of pharmaceutical science. 


‘Tenure-track Faculty Positions 
Institute of Physics, Academia Sinica, 
Taipei 


of Physics (http://www.phys.sinica.edu.tw/), 
Academia Sinica (http!//www-sinica.edu.tw/) invites applications 
for several tenure-track faculty positions in all ranks. The Institute 
of Physics, currently consisting of forty-two faculty members, 
conducts research in (1) Basic and applied research in nano- 
sciences, (2) Non-linear and complex systems, statistical, 
computational and bio- physics, and (3) Intermediate and high 
‘energy physics. The position offers a free and superb research 
‘environment, an adequate startup research grant and good 
opportunities for interdisciplinary collaborations. Applicants 
should have an outstanding record of research achievements and 
will be expected to propose and pursue an independent research 
program. Interested applicants should send a Curriculum Vitae 
and a list of publications, copies of five major publications, a 
summary of research achievements, a plan for future research, 
and three letters of recommendation to Miss Ophelia Huang. 
Institute of Physics, Academia Sinica, Nankang, Taipei 11529. 
‘Taiwan: e-mail: jthuang@ phys.sinica.edu.tw: phone: 886-2- 
27896718. Review of applications will begin as soon as they are 
received and will continue until the positions are filled. Academia 
Sinica in Taipei is the most prominent academic institution in 
Taiwan. While affiliated directly to the Presidential Office, 
Academia Sinica enjoys independence and autonomy in 
formulating its own research objectives. Its major tasks are to 
undertake in-depth academic research on Various subjects in 
sciences and humanities. In recent years, under its superior: 
leadership, Academia Sinica has transformed into a modem research 
institution, The Institute of Physics, being one of the institutes 
in Academia Sinica, vows to conduct leading-edge research projects 
and to pursue excellence in its research programs. 


Eli Lilly and Company is a Leading, innovation-driven 
pharmaceutical corporation with approximately 42,000 
employees worldwide. Lilly is developing a growing 
portfolio of best-in-class, first-in-class pharmaceutical 
products. We achievethis by applyingthe latestresearch 
from our own worldwide laboratories, by collaborating 
with eminent scientific organisations and by making 
use of the most up-to-date technological tools. 


Established in 2002, the Lilly-Singapore Centre for Drug 
Discovery (LSCDD} is now expanding its capability to 
discover and develop new medicines more productively, 
inthe areas of cancer and metabolic disorders. We form 
‘a network of drug development partners, and through 
innovative data integration approaches, discover and 
apply biomarker and patient-tailoring solutions. 


Located in the exciting Singapore Biopotis, LSCDD's 
multi-disciptinary and multi-cultural team is working to 
redefine the leading edge. We are looking for outstanding 
individuals to fill the following positions: 


irector ~ Drug Discovery Research 
* Director - Integrative Computational Sciences 
+ Senior Scientist - Assay Development 

+ Senior Scientist - Cancer Biology 

* Senior Scientist - Diabetes 

+ Senior Scientist - Epigenetics 

* Informatics Scientist 

+ Research Associate 

+ Software Engineer 

+ BioSafety Officer 

Log on to wwwz.lscdd.lilly.com.sg to find out more about 


these positions and what a career at Eli Lilly and Company 
can offer you. Eli Lilly is an equal opportunity employer. 


wonwiscdd.tily.com.sg 


Les, 


aree! 


iS} 
4 
5 
3 


4 
g 
2g 
3 
rn 
e 
a 
a 


Professor and Head, Division of Cell Biology and Biophysics 


Applications are invited for the Head of the Division of Cell Biology and Biophysics at 
the School of Biological Sciences, University of Missouri-Kansas City. The successful 
candidate should have a proven record of sustained externally funded research, scholarly 
activity, and leadership potential, The candidate will be expected to participate in graduate 
and/or undergraduate teaching, faculty mentorship, and work closely with the Dean on deci- 
sion-making matters pertaining to the growth, development and direction of the School, The 
School of Biological Sciences is positioning itself to become a regional leader in the areas 
of structural biology and molecular cell biology and welcomes applications from qualified 
candidates in these research areas; however, outstanding scientists from all areas of basic 
life sciences research are encouraged (o apply. The successful candidate will receive a 
competitive 12-month salary, renovated research space, a start-up package commensurate 
with rank, and the availability of excellent research support facilities within the Schoo! of 
Biological Sciences. Candidates should have a Ph.D. degree and currently be in a tenured 
‘academic position at the rank of Professor. 


Please direct all inquiries or nominations to Dr. Lawrence A. Dreyfus, Dean, School of 
Biological Sciences (dreyfusl@umke.edu). To apply, please submit electronically (MS 
‘Word or pat) a CV, a statement of present and future research interests, and the names and 
addresses of 3 references to: dreyfusl@umke.edu. All materials will be handled with strict 


BENAROYA haan 
RESEARCH INSTITUTE 


FACULTY POSITION AVAILABLE 


The Benaroya Research Insitute, a basic and 
translational medicine research center in Seattle, 
WA. ivites applications fora faculty position, 
Applications are particularly welcome in 
‘researc areas that emphasize pathways that Tink 
innate and adaptive immune systems, interac- 
tos with extracellular matrix components and 
‘regulation of inlammatory responses, Qualified 
‘candidates at all levels are weleome to apply 


The Benaroya Research Institute offers a com- 
petitive stadt-up package and newly renovated 
laboratory space. The Institute has 20 faculty 
‘with interests ia immune tolerance and auto 
immunity, lymphocyte trafficking, genetics, 
indlammation, extracellular matrix and maticel- 
Jular proteins, issue enginesring, and vascular 
biology (soe www.benarovaresearch.org. for 
details). The successful candidate will be 
eligible for an Affiliate fuculty appointment 
at the University of Washingion School of 
Medicine 


Please send curriculum vite, brief description of 
future research interests, and names and contact 
information of references to: Gerald T Nepom, 


confidentiality The position will remain open until filled. 


UMKC is an Affirmative Aetion’ 


al Opportunity Employer. 
Women, minorities, veterans, and individuals with disabilities are encourag 


MD PhD, Director, Benaroya Research Insti- 
‘ute, Attn: Faculty Search Committee, 1201 
or email: 


10 apple 


FEOF 


ALBERT 


ACAEINSTEIN 


yp COLLEGE OF MEDICINE 
OF YESHIVA UNIVERSITY 


Faculty Positions 
in The Diabetes Center 
of The Albert Einstein College of Medicine 


‘The Diabetes Research Training Center at The Albert Einstein College of 


Medicine (hitp/Aewwaecom.yu.adu/diabetes/page-aspx) invites applications 
from outstanding candiates for tenure-track faculty positionsat the levels of 
Assistant or Associate Professor. 


Candidates should have an excellent record of research accomplishments, the 


ability to direct innovative independent research, and competitive funding 
potential in all areas of diabetes and obesity. Weare particulary interested in 
Individuals focused on immunology and inflammatory processes. 


‘The positions offer generous start-up packages, longterm salary support. 
and newly renovated space in the Center for Genetics and Trandational 
Maticine. Onsite support flies include state-of the-art imaging transgenic. 
sequencing, proteomics, metabolomics, mouse_physology/phenotyping 
‘microarray, ning, protein expression bioinformatics, and cell culture cores. 
The review of applications will begin December 1, 2007 and will continue 
until the positions are filled. Applicants should forward a curriculum vitae, 
three letters of reference, selected reprints, and a brief summary of 
accomplishments and proposed future research program to: DRTC Search 
Committee, c/o Aneleen Dizon, Dept of Endocrinology, 701 Belfer. Abert 
Einstein College of Medicine, Jack and Pearl Resnick Campus, 1300 
Morris Park Avenue, Bronx, NY 10461; Email: adizon@aecom yuedu 

EOE 


University of California, San Francisco 
Tenure Track Position at the 
Interface Between Physical Sciences and Biology 


‘We are looking for an outstanding scientist at the interface between the 
physical and biological sciences, broadly defined. Of particular interest 
to us are single-molecule methods, microfluidies, synthetic biology, 
metabolic engineering, ee, in general, the development oe application 
‘of technologies that can advance biological research, othe application 
‘of engineering approaches at the molecular or cellular level. 


UCSF socks candidates whose experience, teaching, research, or com- 
munity service has prepared them to contribute to our commitment to 
diversity and excellence 


Please send a curriculum vitae, thee leters of reference, a summary of 
‘current research (up 102 pages), and a concise outline of future research 
(up to 2 pages) to the address listed below. 


Applications will be considered beginning December 1, 2007. 


Barbara Raymond 
Physical Science and Biology Search Committee 
Department of Pharmaceutical Chemistry 
University of California, San Francisco 
{600 16* Street, MC 2280 
Genentech Hall, Room 518, 

San Francisco, CA 94158-2517 


UCSF is an Affirmative Action/Equeal Opportunity Employer. The 

University undertakes affirmative action to assure equal employment 

opportunity for underutilized minorities and women, for persons with 
disabilities and for covered veterans. 


Tenure-Track Investigator 
Clinical Neurogenetics 
Division of Intramural Research 


‘The Division of Intramural Research of the National Institute of Neurological Disonlers and Stroke is recruiting an individual fora tenure-track position inthe 
area of neurogenetis with a focus on clinical research. The applicant shoul! have a special interest and experience in translational and clinical research relating 
to hereditary neurological disease, The individual would direct an independent research program in this area. 


‘The work would be done in conjunction with the Neurogenetics Branch which was established to study the causes and treatment of hereditary diseases of the 
nervous system. The branch is led by Dr. Kenneth Fischbeck, a World renowmed investigator and an experienced mentor. The Clinical Center atthe NIH isthe 
nation’s largest hospital devoted entirely to clinical research It isa national resource that makes it possible to rapidly translate scientific observations and labora 
tory discoveries into new approaches for treating neurogenetic diseases. The greater NIH community offers a uniquely rich collaborative environment to the 
tenure track investigator. 


The individual should have a demonstrated background and knowledge in research focused on hereditary neurological disease with expertise in human genet- 
ies and/or the application of clinical tril methodology to testing new therapies. The candidate will have earned a US medical license and will have excellent 
scientific skills in structuring an original and productive research program using outstanding communication and collaborative abilities, Candidates fora tenured 
position will also be considered but this would require an international reputation and well-documented evidence of substantial independent accomplishments, 
‘Am individual selected fora tenure-track position is expected to build a dynamic and productive research group, 


Laboratory facilites, start-up ad sustained research funds and salary willbe competitive with premier academic institutions. Applicants should send curriculum, 
Vitae, bibliography, statement of research interests, and three names of references to: Dr. Alan Koretsky, Scientific Director, National Institute of Neurological 
Disorders and Stroke, c/o Peggy Rollins, Offic of the Scientific Director, Division of Intramural Research, by email (o Peggy Rollins W oF by 
‘mail to Building 35 Room GA908, NIH, Bethesda, MD 20892 (phone: 301-435-2232). Applications will be reviewed erie ‘December 1, 2007, 


Postdoctoral Positions 
Natiovat Exsrrrure of Cito Hain ano Human Deyetorment 


“Molecular Mechanivms of Thyroid Hormone-dependent Frog, Eukaryotic Chromosome Biology 
Metamorphosis ‘Ales Strunnikoy, Ph.D.,sinunnik@mail nihgov. 
‘Yun-Bo Shi, Ph.D. shi@helis.nih.gow ‘buip:ussfnichdLnih gow 


‘Vascular Development in the Zebrafish “TGP beta Signaling in Drosophila melanogaster 
‘Brant Weinstein, Ph.D, WeinsteB G@maiLnih gov Mihaela Serpe, Ph.D., serpe0001 dium edu 

mr mn ‘up cd med umn ev OConnor ia bn) 
Embryonic and Adult Stem Cells (Call Biology of Genetic Bone Disease 
Heiner Westphal, M.D.,hvGamailnih gov. Joan C. Marini, M.D.,PhD.,sidocZthelix.h gow 
‘uptown, wesiohal niche nih go ‘tp eclips niche mh gov nichd'annvalreport 2006 ssid hu 
Molecular Studies on HIV Replication Neurophysiology 


Suh G. Levin, PhD. einai ih gow Dac A. Hofian. Ph.D. boinnmai ih 


Stractre, Stability, and Interactions of Extraellar Mtr Proteins 
Sergey Lekin, Ph.D, kina gow 
a 


Applicants must have less than five years of postdoctoral experience. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


Chief, Visuomotor Disorders 
Laboratory of Sensorimotor Research (LSR) 
National Eye Institute 


The National Eye Institute (NEI) secks an outstanding clinician scientist for a tenured or tenure-track position as Chief, 
‘Visuomotor Disorders Section in the Laboratory of Sensorimotor Research (LSR) in the Division of Intramural Research, 
This recruitment is directed towards clinicians with expertise in central disorders that affect vision and/or eye movements 
(including disorders of binocular function). The post offers a unique opportunity for a talented individual to provide strong 
and stimulating leadership in an organization dedicated to uncovering new scientific knowledge, both laboratory and clinical, 
We welcome the full range of candidates at all levels. 


The Laboratory of Sensorimotor Research is devoted to understanding the organization of the brain related to the control 
of eye movements, visual perception and their disorders. The Visuomotor Disorders Section Chief is expected to ereate a 
vigorous research program dedicated to elucidating the role played by these brain mechanisms in human disease, and to 
explore treatments. The Chief will develop broad investigational plans, independently and in collaboration with other NEI 
investigators and research scientists in the United States and abroad. The Chief will examine and teat patients, as well as 
design, implement and conduct research and clinical protocols, An opportunity exists for the Section Chief to recruit staf? 
and supervise training, 


The NEI provides an exceptional environment for clinical research including the infrastructure necessary for patient recruitment, 
a clinical protocol development group, and a Contract Research Organization that provides statistical and epidemiological 
expertise, data management and analysis, study monitoring, regulatory guidance, and overall operational support, The NIH 
Clinical Center provides additional access to exceptionally broad medical and diagnostic resources. In addition, the LSR 
provides exceptional support for more specialized needs, such’as the measurement of eye movements and computational 
analysis/modeling. The position requires an ability to integrate basic, clinical and translational research, and create an 
intellectual synergy and an environment for state-of-the art patient care for those suffering from visual dysfunction. 


Ata minimum, candidates should have a Doctor of Medicine degree from a school in the U.S. or Canada approved by a 
recognized accrediting body in the year of the applicant's graduation, or a Doctor of Medicine or equivalent degree from a 
foreign medical school which provided education and medical knowledge substantially equivalent to accredited schools in 
the United States, Candidates should be Board-certified, have direct clinical experience in the pathophysiology of visuomotor 
disease, from the perspective of relevant neurophysiological mechanisms, and be licensed to practice medicine in the USA. 


Salary is commensurate with research experience and accomplishments. A full Federal package of benefits is available (in- 
cluding retirement, health, life and long term care insurance. Thrift Savings Plan ete). 


Applicants should submit curriculum vitae, bibliography, copies of their five most significant publications, a summary of 
research accomplishments and three reference letters. Applicants should also submita written statement with their perspective 
on the needs and opportunities necessary to move from the basic understanding of brain mechanisms supporting vision and eye 
‘movements to clinical therapeutic interventions and improved patient care. This statement should indicate how the applicant's 
particular expertise and background could contribute to this transition. The position will be open until filled. Applic 
should be sentto: Mica Gordon, Executive Assistant, Office of the Scientific Director, National Eye Institute, Building 
31, Room 6A22, 31 Center Drive, Bethesda, MD 20892; Tel: 301-451-6763, Email: gordonmi@nei.nih.gov. 


NIH is dedicated to building a diverse community in its training and employment, NIH is a part of the U.S. Department of 
Health and Human Services. 
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STANFORD 
UNIVERSITY 


Department of Biological Sciences 
Evolutionary Developmental Biologist Faculty Position 


The Department of Biological Sciences at Stanford University seeks 
applicants fora tenure track faculty appointment in Evolutionary Biol- 
‘ogy. Weare primarily interested in making an appointment atthe rank 
of Assistant or Associate Professor, but will also consider exceptional 
‘candidates a the rank of Professor. We seek applicants studying prob- 
Jems in any area of Evolutionary Biology; however these studying 
problems at the interface of Developmental and Evolutionary Biology 
are especially encouraged to apply. Applicants are expected to develop 
8 Vigorous research program and to participate in both undergraduate, 
graduate, and postdoctoral education and training. For information 
about the Department consult http:/biology.stanford.edw 
Applicants are requested to provide a cover letter, a curriculum vitse 
including publication list, a statement of research accomplishments 
and future research plans, and a description of teaching experience. 
Junior candidates should arrange to have three letters of reference 
sent directly. 


Applicant materials must be received by December 3, 2007. The 
"appointment would begin September 1, 2008. 
Interested candidates should apply online at: 
‘AcademicJobsOnline.Org, 

‘Stanford University is an Equal Opportunity Employer and is 
commited to increasing the diversity of its faculty. It welcomes 
‘nominations of and applications from women and minority groups, 
‘as well as others who would bring additional dimensions to the 
university s research, teaching and clinical mission. 


INDIANA UNIVERSITY 


Faculty Position in Meiosis 
and Eukaryotic Recombination 


‘The Department of Biology invites applications for a tenure- 
track faculty position at any rank in the area of meiosis 
and/or eukaryotic recombination. Applicants working on any 
eukaryotic system and at any level of analysis ({rom biochemis- 
try through evolution) are encouraged to apply. The successful 
candidate will be provided with a competitive startup package 
‘and salary, and will have access to outstanding research resources 
and core facilities. 


Applicants should mail a curriculum vitae, a statement of 
research (past, present, and planned) and teaching interests, 
and representative publications and preprints to: Meiosis/ 
Recombination Search Committee, c/o Jeremy Bennett, 
Department of Biology, Indiana University Bloomington, 
1001 E. Third St., Bloomington, IN 47408, Please arrange 
to have at least four leters of recommendation sent by e-mail 
{o; jebennet@indiana.edu. Questions should be addressed 10 
Mimi Zolan (mzolan@indiana.edu). Applications received by 
December 1, 2007 will be assured of full consideration. 


Indiana University is an Affirmative Action/Equal Opportunity 
Employer. Women and minority candidates are 
encouraged to apply. 


Faculty Position 
Developmental/Evolutionary Biology 
University of Chicago 


The Department of Organismal Biology and Anatomy is an integrative 
biology department with established strengths in developmental biology, 
evolutionary biology, neurobiology and functional morphology: We seek 
to hire a new tenure-track faculty member working in one of two areas: 
either (1) a developmental biologist with broad interests, which may 
include regeneration oF comparative approaches: or (2) an evolutionary 
biologist using modem genomic tools to address key questions. We are 
particularly interested in individuals who ean establish intellectual and 
research collaborations with existing faculty. Candidates must have a 
Ph.D., postdoctoral training, and outstanding potential in research and. 
teaching. Appointment rank will beat a level commensurate with experi- 
ence. Candidates will be expected to teach in their area of expertise at 
undergraduate and graduate levels, 


Review of applications will begin November 15, 2007 and continue 
ntl the position sill. Applications shouldbe submited by e-mail to 
evodevosearch’a pondside-uchicago edu cr by mailto: Chair, Evodevo 
Search Committe, co H.A. Zayd, Department of Organismal Biol 
ogy and Anatomy, 1027 E 37 St, Chicago IL. 60637. Applications 
should include a curriculum vita, with a complete list of publications, 
anda statement of research and teaching interests. Three letiers of recom 
mendation should be sent tothe same address. Electronic applications 
and letters, as PDF files, are strongly encouraged, 


The University of Chicago 


An Affirmative Ation/Equal Opportunity Employer 


Faculty Position in Chemical Biology 


The Life Sciences Institute (LSI) at the University of Michigan 
invites applications for a position at the rank of Assistant or Asso~ 
ciate Professor in the field of chemical biology. Chemical biology 
is broadly defined and the successful applicant will use chemical 
methods to address an important biological question. 


The LSI is a scientific enterprise at the University of Michigan 
dedicated to opening new scientific paths by blending diverse 
research talents in a state-of-the-art collaborative physical space 
(www.lsiumich.edu). The LSI is currently home to 26 interactive 
faculty in the areas of cell biology, genetics, bioinformatics, stru 
tural biology, signaling, and chemistry. 


Candidates are expected to develop an internationally recognized 
Program of scholarly research and to excel in teaching at under- 
‘graduate and graduate levels. The positions will remain open until 
filled but preference will be given to applicants who have submitted 
all requested materials prior to October 15, 2007. Applicants should 
send the following (in PDF format): a curriculum vitae, copies 
Of up to three reprints, a one- to two-page summary of research 
plans, and arrange to have three letters of reference sent directly 
to: Isichembio@ umich.edu. 


The University of Michigan is supportive of the needs of dual 
career couples and ix a non-discriminatory. Afirmative Action 
Employer. Women and minorities are encouraged to apply. 
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RAMAPO COLLEGE OF NEW JERSEY 
Ramapo Collegeof New Jency located in the beaut foots ofthe Ramapo Mountain, approximately 
25's nortinet of Nev York Cty Accredited by the Mite Sites Cameras on Pager ascot, Ramaps 
Cotege a comprehensive ation of gher education dedicated to the promotion ef teaching ard learn 
within svg Howl os based cueka, tus caring te desgrotin “New jrsy’s Pub Libera Arts Calege* 
Its cura emphasis nce the Noel ors and siecen. acid sdences, fine ond perfrng art, the 
proesinalproprams wen w residental ond tuatinate ning and larg emaranmant. Grgarised ito 
Thematic lang communities Ramapo Colege provides acodami exehence through Rs inersacpnaty 
turreaken teratena eaicton iNtuturd undetardeg ord expenot ear appari 


ASSISTANT PROFESSOR of BIOLOGY 


‘TENURE TRACK, COMMENCING Fatt 2008 


DESCRIPTION: Responsibilities include teaching microbiology for healt sciences, introductory biol 
{gy for majors and non-major, in addition to developing a trong research program that involves under- 
(radluate students. The successful candidate is also expected to develop specialty courses in his/her 
2129 of interest Interdiscipinary collaborative opportunites ae avaiable in Biochemistry, bioinormat- 
Ics, ecology, environmental science, evolutionary bilogy and molecular biology. 


REQUIREMENTS: PhD. is required and postdoctoral experience is preferred. 


Faculty members are expected to maintain active participation in research, scholarship, college 
‘governance, service, academic advisement and professional development activites. 


Al applications must be completed online at: http: //www.ramapojobs.com. 
‘Applications should include a CY, reprints of recent publications, a statement of teaching philosophy 
land future research plans, and contact information for twee references. Hard copies of resumes will 
Nat be accepted. Since ts beginning, Ramapo College has had an itercutura/intemational mission 
Please tell us how your background, interest and experience can contribute to this mission, as well as 
to the specific poston for which you are apphying 


Review of applications will begin immediately and continue until the positon i filed. Postion offers 


‘excellent state benefits. To request accommodations, call (201) 684-7734. Supportive materials 
In mon-eletronic format can be sent to Or. Ea Rena Bacon, Search Committee Chaic 


RAMAPO Attention: Department 25 


505 Ramapo Valley Road, Mahwah, Nj 07430 
COLLEGE «yew jersey’s Public Liberal Arts College” 


Famapo Cotege isa member ofthe Count of Publ Liberal Arts Cofeges (COPLAG).«ratonal aliance 
‘of leading leral ats collages nthe pubic sectoz EEO/AFFIRMATIVE ACTION. 


Johns Hopkins Medical Institutions 
‘Tenure-Track Positions 


Influenza and Respiratory Virus 
Translational Research 


Human Immunology, Vaccinology, 
Pharmacology 
The Division of Infectious Diseases ofthe Johns 
Hopkins School of Medicine is recruiting 
faculty atthe Assistant oF Associate Professor 
level to contribute to an emenging institutional 
Respiratory Viruses Program. Our focus ison 
persons with proven capabilities to conduct 
Independent research on respiratory infections, 
investigations thit contribute 


grams in influenza virology, structural biolouy, 
and vaccine testing. Emphasis will be given 10 
researchers with complementary research such 
asin molecular biology of viral replication, bost 
Virus interaetions, and quantitative analysis of 
Viral dynamics 
Candidates must have earned an MD andor PD 
degree an have a recon! of acquiring research 
funding and prodcing outstanding scholarship 
Salary and resources will match experience 
Candidates should provide a currcul 
4 one-page statement of career 
professional references to: Dr 
Chief Infectious Diseases, Johas Hopkins 
School of Medicine, Suite 437 1830 Monu- 
‘ment Street, Baltimore, Maryland 21 
by email care of Nadia Hay 
Application review will be 
Johns Hopkins isan 
Equal Oppornunity Employer 


STONY BROOK 


@@uNrversiry Cancer Center Director 
MEDICAL CENTER 


‘tony Brook University Medical Center offers an exiting opportunity to join our senior executive team. 
‘Asthe only academic medical center on Long fland and the onl tertiary care hospital in Sutfolk 
County, SBUMC is an undisputed leader in Long island health care. We were recently cited in the 
“America’s Best Hospitals” issue of U.S. News & World Report Located on Long Istand's North Shoe, 
Stony Brook University Medical Center is 60 miles east of New York City and minutes from the seashore. 
Stony Brook University Meical Center seeks a highly qualified physician scientist Associate Protessor 
Professor) to serve as Cancer Center Director. This senior-level positon wil be directly involved in the 
strategic planning for clinical, academic, and research programs; operations and fiscal oversight: 
‘aculty recruitments and appointments forthe Cancer Centr, as well as oversight of clinical and 
research resources and activities 

Required: An NLD. or M.D,/Ph D. The successful candidate must be board cestifed in his or her medical 
Specialty and be eligible for a N.Y. license. We seek a qualified candidate with demonstrated leader- 
ship experience and scientific background as evidenced by a successful track record. We are looking 
{or a seasoned professional who has @ minimum ot 10 years of relevant experience including the inte- 
aration of research and clinical programs across schools and departments within @ university setting 
Prefered: Expettise integrating clinical research activites into inpatient and outpatient facilities to 
effectively link basic research to clinical care. Salane Commensurate with experience 
To apply, send a cover letter including the following: qualifications for the posite 
‘curriculum vitae; names, telephone numbers, mailing and e-mail addresses for five 
references: and examples of written work to: 

Wadie F. Bahou, W.0., Vice Dean for Scientific Affairs, Health Sciences Center, Level 4, 
‘Stony Brook University Medical Center, Stony Brook, MY 11794-8430, Fax: (631) 444-6148. 


Review of applications will begin in September 2007 and will continue until the position is fille. 


‘Stony Brook University SUNY isan atirmative actin, equal ppartumty efocater ad empl, 


POSTDOCTORAL POSITIONS in 
Plant Cell Wall Biosynthesis 
and Structure 


‘The University of Georgia (UGA) 
‘Complex Carbohydrate Research 
Center (CCRC) 
BioEnergy Science Center (BES) 


The UGACCRC (www.cere.uga.edu) is com: 

ponent of BESC (www.bloenergyeenterorg), 

4 Department of Energy-funded Center whose 

mission is to understand and overcome the 

recalcitrance of lignocellulosic biomass 10 

‘conversion to fermentable sugars and to enable 

cost-effective technologies for the production 

‘of biofuels Posidoctoral positions are available 

for motivated individuals who wish to make 

fundamental contributions in 

+ systems biology of wall biosynthesis path- 

+ cel biology of plant cll walls 

+ hemicellulose and pectin synthesis 

+ identifying new wall biosyathetic enzymes 

+ utilizing polysaccharide-modifying enzymes 

+ wall stricture and its relationship to 
recaletrance 

+ high-resolution NMR spectroscopic analysis 
of walls 

+ characterizing lignin-polysaecharide com- 
plexes 

+ high-throughput analyses and data processing 


Aletier of interest, C.V. and contact information 


forat leas three references should be addressed 
to Regents Professor Alan Darvil, Director, 
CCRC, University of Georgia, Athens, GA, 
USA and sent via email to Sheilah Dixon 
(sh 


|e, Cincinnati 
Children’s" 


espital Mecca Center 


Stem Cell 


Research 


Faculty Positions in Stem Cell Research 
Assistant, Associate and Full Professor 


‘Applications are invited for several tenure track faculty positions in 
the area of stem cell biology to join a multdisciplinary research 
‘community with existing strengths in developmental and stem cel 
biology, cardiovascular biology, endocrinology, gastroenterology, 
genetics, hematopoiesis, immunology, neurobiology and pulmonary 
biology. Recruitment at the senior level could include a significant 
leadership role in the future direction of this program. 

This interdisciplinary group of basic scientists and clinicians wil study 
the fundamental properties of stem cells and the potential uses of 
‘adult and embryonic stem cells for therapy in childhood disease. 
Candidates must hold MD, PhD, or MOJPHD degrees. Applications of 
stem cell research to any organ system in the body, using a variety 

(of animal models, are encourages. 


Faculty have access to high-quality graduate and MD/PHD programs 
‘and training programs for postdoctoral fellows, clinical fellows, 
‘esidents and clinical faculty. 


‘Applicants should submit their curriculum vitae, two-page research 
‘statement including past accomplishments and future goals, and 
contact information for three people who will provide letters of 
tecommendation to DOSpositionsGhechme.org. 

‘Gincinnai Ciden's Hp Medial Center and he Ueivenity of Cacia ae 
‘Mirna ActonfEqal Opportunity employes. Ousifies women 268 mnonty 
‘andidate ar expect encuraged ap 


DEPARTMENT OF BIOLOGICAL SCIENCE 
‘TENURE-TRACK FACULTY POSITION 
IN MICROBIOLOGY 


au 


‘The Department of Biological Science inyites applications fora tenure-track 
Position in Microbiology at the level of Assistant Professoe. We are seck- 
{ng candidates with notable esearch achievements the ability to develop a 
\Well-funded independent research program, and a commitmentto excellence 
in undergraduate and graduate education, Candidates should have a Ph.D. 
and postdoctoral experience. 

Candidates should have a research program that involves the application of 
rmiodemn genetic, genomic, structural, oF molecular approaches to the study 


th theie host 


is expected to complement the 
Department’ existing strengths in Virology, Genetics, Cell, Molecular, 
and Developmental Biology and in Ecology and Evolution 
The Depurtmenthas a newly constructed Life Science Research and Teaching 
Building and has established, well-equipped, and fully staffed core facilities. 
Opportunities for collaboration and access to additional instrumentation are 
available via affiliated programs in Structural Biology, Nanobiotechnology. 
Computational Science, and at the College of Medicine and the National 
High Field Magnetic Laboratory. 
To apply, please submit electronic copies (PDF files preferred) of a cover 
letter, curriculum vite, statement of esearch plans, andthe names and email 
addresses of three references to: De. Kenneth TH Roux, Chair, Microbiol- 
‘ogy Search Commitee, email: microfaesearch@ bio.fsu.edu. Applications 
should be received by December 7, 2007 for full consideration. 

FSU is an AM/EO Employer Applications from minority and female 

candidates are especially encouraged 


UNIVERSITYATALBANY 


State University of New York 


SENIOR FACULTY POSITION 
RNA Sciences and Technology 


The University at Albany. SUNY, invites applications for a tenured 
position athe rank of Associate of Full Professor in the broad area of 
RNA sciences and technology. Areas of interest include, but are not 
Timited to, the structure and function of RNA an RNA-prot 
interactions 

‘The successful candidate will interact with a diverse group of research 
scientists already working in the RNA field. Recently the Institute of 
RNA Sciences and Technology (IRNAST) his been created identifying 
this research theme as a focus of the University at Albany's $100 million 
life sciences research initiative (http:/wwwalbanyedufifesciencey 
In the greater Albany area, RNA research also has a strong presence 
institutions such as Wadsworth Center. Rensselaer Polytechnic Institute, 
Alhany Medical College, and the Ondway Research Institute and thus, 
there is outstanding potential for research collaborations. The successful 
candidate will be offered a competitive start-up package and salary 


Qualifications: Candidates must qualify for a tenured appointment atthe 
have internationally recognized, externally 

RNA sciences and tei Degrees 
‘must be from a university accredited by a US Department of Education 
(oF an intemationally recognized accrediting organization. Instructional 
responsibilities in the College of Arts and Sciences will be appropriate to 
the interests and funded research level of the candidate. Applications sent 
in PDF are preferable. All applicants must address in their applications 


Applicants should submit a CV, list of past and current grant support, and 
statement of research interests by e-mail (0 Lifesciences@albany.edu. 
Review of applications will begin on November 15, 2007 and continue 
‘until the position is filled 


fs seeking an outstanding individual 
who can develop an externally Funded, nationally recogni 

in the area of organic symthesis relevant to nucleic acid chemistry. The 
successful candidate is also expected to teach courses. in organic 
chemistry, Candidates must have a Ph.D, degree from a uni 
accredited by a US Department of Education or an intemationally 
recognized accrediting organization. Applications sent in PDF are 
preferable. All applicants 

abilities to work with and instruct a culturally di 
Applicants should submit a CV, representative publications (PDFS) 
statements of teaching and research interests, and have three letters of 
reference sent, by e-mail, to chemdept@albany.cdu. Review of 
applications will Depin on November 15° 2007 and continue unl the 
position is filled. 


As the capital city of New York State, Albany provides outstanding. 
cultural and recreational opportunities (http://www.albany.org). It 
maintains a vibrant small-city lifestyle while being within easy 
commuting distance (about 3 hours) of major metropolitan centers 
including New York City, Boston and Montreal 


The University at Albany is an EOIAA/IRCAIADA employer. 


Science Careers 


“a ‘THE UNIVERSITY of NORTH CAROLINA 


1} GREENSBORO 


The College of Arts and Sciences at the University of North 
Carolina at Greensboro invites applications and nominations for 
1 senior science educator who will be tenured as the Houston 
Professor in an appropriate science department in the College, 
‘with the possibility of a joint appointment in the School of Edu- 
cation, Candidates must have national recognition in the field 
and a strong record of external funding and accomplishments in 
science education. The successful candidate is expected to build 
‘on the interest and enthusiasm of UNCG's scientists and science 
educators seeking (o enhance K-16 science education. 


Review of applications will begin on December 1, 2007, and 
Will continue until the position is filled. Applicants should 
submit a cover letter, detailed curriculum vitae, contact infor- 
mation for four professional references, and an articulation of 
her or his vision for the role of science education at a research 
campus. Electronic applications and inguiries (preferred): send 
to Professor Jerry L. Walsh, Chair of the Search Commit- 
tee at JLWALSHi@UNCG.EDU, Applications by mail: send 
to Science Education Search Committee, College of Arts 
and Sciences, University of North Carolina at Greensboro, 
Greensboro, NC 27410. Applications will be kept confidential 
‘on request 
UNCG has a diverse student body (20% African-American, 
6.5% other ethnic minorities, 68% female) and is an 
EEO/AA Employer with a strong commitment to 
increasing faculty diversity 


DEPARTMENT OF BIOENGINEERING 


‘The Department of Bioengineering in the School of Engineering and Applied 
Scence at the University of Pennsylvania invites appsicatons for both tenure 
track and tenured faculty positions at al professorial levels. 

Bicengineering at Penn has colaborations and research connections spanning 
the medical school and hospitals, as wells many outstanding departmentsin the 
Universty's oer schools, centers and institutions, (inching, for example, the 
Insttue for Medicine and Engineering and insite fr Neuroiogcal Scences} 
We are especialy inerested in energetic visionary facut who are commited lo 
{eveloping 2 research enterprise in this envionment 


Candidatesshoudholdadoctora degree in Bioengineering Biomedical Engineering 
a related fed. A he assistant professor level, indvidils should demonstale 
superb academic credentials and prise fora career in toengineeing research 
‘At higher professorial levels, an evident track record o research excalence 
incuting suocessul compeiive research funding and academic standing is 
‘expected. Present areas of emphasis in our program are neuroengineerng, 
randtiolecmobgy, oaldar, maecdar and kssue engineetng, and imaging 
However, we encourage applications from candidates in any emerging area of 
tioengineerng. A cammiment fo leaching shoul! also be apparent incuding 
Gevelpmert of undergraduate and graduate couses, supervision of doctoral 
students and academic adising of students a al levels. 

To apply, please send a CV, a statement of research interests, a statement 
of teaching interests, thee representative paper reprints, and a ist of five 
references in hard copy, to 

Faculty Search Committee 

Department of Bioengineering, University of Pennsylvania 

240 Skickanich Hall, 210 South 33rd Street, Philadelphia, PA 19104 
‘Applications wil be considered begining 10/0107 and unt positions ae filed 
Thc Umvamy of Ream vania ian alfmnatie action / aq opparinty empha ye. 


FACULTY 
POSITIONS 


ASSISTANT AND ASSOCIATE PROFESSOR 
POSITIONS 
in the Evolution of Human intelligence 
Indiana University-Bloomington 
The College of Arts and Sciences at Indiana University seeks 10 fill 
{0 positions, one associate professor and one tenure-track assistant 
professor, both in the study of the evolution of human intelligence, 10 
bein in fall 2008, Areas of special interest include hominid palacone- 
rology, brain imaging research pertinent to human evolutionary studies, 
‘evolutionary psychology, oF molecular neuroscience directly relevant to 


history and publication record focusing on the evolution 
of human intelligence. Applicants should indicate whether their tenure 
hhome preference would be in the Department of Anthropology, Biology, 
of Psychological and Brain Sciences. 

The successful candidates are expected to maintain close research relation 
ships withthe Center for Rescarch into the Anthropological Foundations 
of Technology (CRAFT) and the Cognitive Science Program at Indiana 
University. For the associate professor positon, the candidate should be 
recently tenured, For the assistant professor position, Ph.D. must be in 
hand before the beginning ofthe fall semester, 2008, Interested candidates 
should submit an electronic application or send a complete package by 
mail. A complete application should include: statement of research and 
teaching interests, curriculum vitae, anda list of atleast three referees for 
the assistant professor position and six referees for the associate profes- 
oF position, with the referees’ full coatact information including email 
addresses. Email complete applications to humanevor@iindiana.edu oc 
mail to: Dr. Kathy Schick, Stone Age Institute, 1392 W. Dittemore 
Road, Gosport, IN 47433. Please specify “assistant professor position” 
‘or “associate professor position” in the subject line oon the envelope. 
Formal review of applications will begin on November 15, 2007 and 
‘continue until the positions are fille. 

Indiana University is an Equal Opportunity/Affirmative Action 
Enployer Applications from women and minority candidates and 
international scholars are especially welcomed. 


DEAN OF SCIENCE 


ASA Stat: Laon 

onpensatin: (onnensurse th qulfeaions andere 

Gate: Web Site woxccmcun eds 

Notice Number: EALP16 

‘Clesing Date: 1/1907 - An spate flee January Hor uae 

1,20 ante 

POSITION DESCRIPTION AND DUTIES 
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VCU 


SENIOR ASSOCIATE DEAN FOR RESEARCH 
School of Engineering 

|. ae 
stands as a remarkable example of public-private partnership. The School currently comprises five 
Pcie serch 
Faas nN EC a. ndncig vc vk be 
Cetra resininireiaaechabe eree ree 
‘enrollment by 706%, its graduate enrollment by 504, and its faculty by 10066. The senior assaciste dean for 
research will develop and implement programs i enable the School to increase its annual external research 
fee enn a ence ay meet oe 
Fae ce ep te pag decried 
Seo ia ape cameras neocon teas amare 
papa ts emu eae Ea 
Qualifications: An carned doctonte in engineenng of a related discipline ® required. The successful 
Sigeaereoeel somes mee eee eee 
de eee re Se ete See ome 
with four references tw: Chair, Senior Associate Dean of Research Search Committee, Virginia 
Commonwealth University, School of Engineering, 601 West Main Street, P.O, Box 843068, 


VCU is an Equal Opportunity, Mfirmative Action Employer. 
Women, minorities and persons with disabilities are strongly encouraged to apply 


University of Florida 
Biomedical Imaging Initiative 


UF has a rich environment of federally funded investigators who conduct multidisciplinary and 
interdisciplinary basic, translational and clinical research using an aray of state-of-the-art imaging 
resources, The Department of Radiology is now secking an outstanding MD and/ce PhD scientist to 
transform this program into a truly world-class enterprise. This position is atthe rank of Assistant, 
Associate or Professor and is tenure accruing, full-time position. Academic rank will depend on 
{qualifications and experience, Mininvum requirements include an M.D. andor Ph.D, degece and 
candidate must be eligible for and obtain licensure in the State of Florida. Salary is negotiable. 
The ideal candidate will combine a track record of innovative research in biomedical imaging 
with the leadership skills required to contribute toward the organization of a wide variety of imag 
{ng initiatives and modalities. This effort will begin with creating a core MRI resource initially 
focused on {MRI and then expanding to guide the consolidation of other MR disciplines that are 
already largely in place. The range of responsibilities include managing the interface between 
studies directly applicable to many robust clinical programs, guiding seminal research activities 
involving the National High Field Magnet Laboratory and engaging the extracedinary resources 
for subcellular to organizational research at UF's McKnight Brain Insitute 


‘A suecessful candidate will continue to advance the theory and practice of biomedical imaging 
by continuing a vibrant personal research agenda based on extramural funding. He or she wil 
demonstrate (1) the commitment and interpersonal skills needed to foster collaborations across 
disciplinary, administrative and geographic boundaries; (2) a clear record of strong and successful 
organizational and administrative skills in advancing biomedical research projects; (3) a profes- 
sional standing commensurate with a demonstrated track record of successful multidisciplinary 
collaborations in biomedical imaging research, based on publications, inventions and extramural 
funding and (4) credentials corresponding to an eared doctorate ina relevant research field, such 
1s engineering and computing; the physical sciences; the medical sciences, or the behavioral sci- 
‘ences. Most importantly, the ideal candidate will have the drive, determination and vision to aid 
in the creation of a program where discovery, innovation and a fundamentally interdisciplinary 
environment in biomedical imaging is the norm rather than the exception. 


Application deadline for this position is March 30, 2008 with a starting date as soon as pos- 
sible thereafter. IF you are interested: please send a CV to: A. Mancuso, MD, Professor and 
Chairman, Department of Radiology, PO Box 100374, Gainesville, FL 32610-0374 or email: 
mancua@ radiology.ufledu. 


AN EQUAL OPPORTUNITY INSTITUTION 


Ohio Agricultural Research and 
Development Center-Wooster, Ohio 


Assistant 
Professor 
of Entomology 


‘Applied Landscape Ecology and 
Horticultural Food Crops 
Department of Entomology 
Tsuen isepeci tocondut ating 
edge, etramuraly funded research directed toward 
‘managing spatial heterogeneltyinagkattral 
landscapes certo mre est management, wth 
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wlrgnestotael nd makepesonl ona wth 
stlhotesthoughat Of ernst seth 
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_ppliatewlandae sake rabssotinetpest egy 
and maraementeenee of abt to seu extramural 
funding tar try nd goverment sous eect 
scold producty 
Desired Qualifications: Faia wi hart fad 
cops demarstatdemstene rieaarg wih said 
pousepeece wth edly, rerio 
_pdlrieatnd olbnatons eparere wth 
tegen ft and ape seach 
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‘quafcations pltsphy and profesional gob Curl 
vitae and tarsi acafemic wok Name pata adres, 
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Fy David). Hom, Search 
Committee Chair 
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The Ohio State Univesity 
LEB 400 Aronof Laboratories 
UNIVERSITY PRRMEEra 
(Columbus, 04 3210 
Tobuldadvese worfore, tio State encourages 
<pplcions fom dius with dsabilte, minors, 
errs and women. EEO/AA employe 


Tenure Track Faculty Positions 
Computational Biology, Molecular 
Biophysics, and Systems Biology 

The BioMaPS Institute for Quantitative Biology 

at Rutgers University invites applications for 

tenure track faculty post 

seniorlevet in 

biophysics, and systems biology. The 

Will be joint with an affiliated department i the 

School of Arts and Sciences or m Engineering 

‘Areas of interest include but ar nt limited to: the 

‘sructure and function of molecular and cellule 

rachis, bological networks, sini tral pono 

ies and proteomics. Applicants should submit 8 

‘over leer, cuiculum vitae rexcarch summary 

and statement of future rescareh goals, and a 

statement of teaching experience and intcrests 

land arrange for four letters of recommendation 
to be sent on 


; Director, BioMaPS Insti- 
tute (email: pehrlichia blomaps.rutgers.edu) 
‘Curently BioMaPS Tnstiane faculty hold joint 
appointments with the Departments of Chemisty 
Mathematies, and Physics in the School of Arts 
and Sciences und the Department of Biomed 
‘al Enginoering in the School of Enginosring at 
Rutgers University, New Brunswick Campus. 
For more information about the BioMaPS 
Institute, the applicant is dirccted tor Wt 
Umwwblomaps.rutgers.edy. The review 0 
‘applications will begia oo December 1, 2007, 
Augers University isan Afirmative Action Equal 
Opportunity Employer Vomen andminority cam 
didaves ane especially encouraged to appl 


HARVARD UNIVERSITY 


DEPARTMENT OF CHEMISTRY 
AND 
CHEMICAL BIOLOGY 


ASSISTANT PROFESSORSHIP 
IN CHEMISTRY 


ts are invited to apply for 
ick assistant professorships 
in all fields of chemistry. Applicants 
should arrange to have three letters of 
recommendation sent independently and. 
should provide a curriculum vitae, alist 
of publications and an outline of their 
future research plans, 


All applications and supporting materi- 
als must be submitted via 
hittp://www.tsdiv.harvard.edw/ceb/ 


‘The deadline date for receipt of appli- 
cations and supporting materials 
November 1, 2007. 


Harvard University is an Affirmati 
Action, Equal Opportunity Employer. 
Applications from and nominations of 
women and minority candidates are 
strongly encouraged. 


MRC Laboratory of Molecular Biology, Cambridge 


Group Leader Positions 


‘The Protein and Nucleic Acid Chemistry Division of the MRC Laboratory of Molecular 
Blology is seeking applications from molecular biologists for two Group Leader positions 
‘The Division has broad expertise extending from X-ray crystallograpty, and nucleotide 
and protein chemisery through to transgenic animal, The Division alto has an excellent 
record of innovative basic research leading to applications in medicine. 


Group Leader in Synthetic/ 
Chemical Biology Ref: 07/620 


Existing groups of synthetic biologists within the Division (Winter, Holiger, Chin, 
bhep:/iwww 2 mre-imb cam.ac ul/PNAC) have mainly focused on the creation of novel 


polymers, but we would also welcome proposals to create small organic ligands to 
protein or nucleic acid targets 


Group Leader in Mammalian 
Molecular Biology Ref: 07/621 


Exating biological groups use cellines or transgenic mice to sudy signaling cellular 
Interactions genomic stably and the regulon of immune responses (se hetp/www/2.mre- 
lmb.camacul/PNAC). Applications will be welcomed from candidates whove research 
‘eeerests complement these activities 

Appointment would be at Programme-Leader Track level: these positions are 
[permanent with a review inthe fith year. The successful applicants may expect to lead a 
group of 4 scientists by the fit year. 


Applicants should have a PAO in Molecular Bology with significant postdoctoral experience 


Further information about both positions is available at 
hetpelinww2.mre-Imb.cam.ae.uk/groupleaderinfo.htmt 

‘These are permanent appointments with a salary range 

0f £37,000 - £47,000 per annum, depending upon qualifications and 
‘experience. This is supported by a flexible pay and reward policy, 30 days 
annual leave entitlement, an optional MRC final salary pension scheme and 
‘excellent on site sports and social facies. 

Applications should inchide a covering letter and full CV,an outline of current 
research interests and a proposal for future research, along with the names 
and addresses of three professional referees who have agreed to be contacted 
prior to interview. Weight will be attached to the originality and nature of the 
project proposal, which should aim to tackle a problem of fundamental 
importance or utility Enquiries are welcome at any time, but for this recruitment 
please reply by the date specified below. 

For further information and to apply please visit our website: 
_hetpilljobs.mre.ac.uk or telephone 01793 301154 quoting reference 
|LMB07/620 or LMBO7/621. 

Closing date: 19 November 2007. 


For further information about the MRC visit www.mre.ac.uke 
‘The MAC is an Equal Opportunities Employer 
“Leading science for better health’ 


areers 


is} 
g 
5 
g 


Science Careers 


Baylor College of Medicine 


Tenure Track Faculty Position in 
Cognitive Neuroscience 


‘The Department of Neuroscience at Baylor College of Medicine is 
continuing a major expansion of its program in cognitive neuroscience. 
his initiative includes hiring six new faculty members, the provision of 
five interactive 3.0 Tesla {MRIs dedicated exclusively to brain research 

the development of the Computational Psychiatry Unit for the 
{quantitative study of human behavioral brain disorders. The facilities 
and collaborative environment offer a unique opportunity for the study 
Of individual and group behaviors, access to large and diverse popula- 
tions of human subjects, outstanding computational expertise, one of 
the nation’s leading programs in genetics and human genomics and a 
strong basic neuroscience research community. Candidates should have 
the Ph.D. and/or M.D. and postdoctoral training in an appropriate field. 
Research involving (MRI analysis of decision-making, social interaction 
‘or group dynamics utilizing computational or genomic approaches to 
study behavioral disorders is encouraged. 


‘Send curriculum vitae and statement of research interests electronically as 
‘single PDF to: fried anda bem.edu indicating cognitive position on the 
‘email header. Please have hard copies of a least thre letters of reference 
sent to: Cognitive Position, Michacl J. Friedlander, Ph.D., Professor 
‘and Chair, Department of Neuroscience and Director of Neurosei- 
‘ence Initiatives, Baylor College of Medicine, One Baylor Plaza, Suite 
'S740A, Houston, TX, 77030 by October 25, 2007. Please visit our 
departmental website at http:/neure.bem.edu for more information 


Baylor College of Medicine is an Equal Opportunity 
Affirmative Action ane Equal Access Employer. 


Univ ity at Buffalo 
The State University of New York 


TENURE TRACK FACULTY POSITIONS IN ORAL BIOLOGY. The Usi- 
versity at Buffalo's Strategic Planaing Process - “UB 2020°-has identified 
‘Several research arcas for significant investment of resourees over the next 


‘three years (se: htp:/hvww dufalo.edu/ub2020/academic_planning/stra- 
poniprlent artery pose} 


spplicaions for upto four full-ume, tenure-track ficuly postions atthe 
Professoe Associate Professor Assisant Professarlevel. Weare secking out 
standing individuals capable of establishing and maietaining an independent 
‘esearch program, with an emplasis on molecular, cellular, genetic andor 
‘computational bialogy approaches to: 
*Hosvimmune response against 

‘oral pathogens of onl disease 
+ Signaling networks + Craniofacial development 

sue enpineenngimincraized + Oral cancer 

Tissue (bone) biology 
(Candidates with research interests in bioinformatics, functional genomics, 
‘Retcomics, o computational biology willhave the opportunity to Work as 
4 member ofthe NYS Centr of Excellence in Bioinformatics and Lite Sek 
‘ce% Additional collaborative opportunities are availabe through the UB 
School of Medici and Biomedical Sciences, the UB School of Dental Medi 
‘ine, Roswell Park Cancer Institute, and eter affiliated organizations 
The sucessful candidate willbe expected to contribute tothe teaching mis- 
sion ofthe department, including supervision of graduate students i Oral 
Biology and instruction in the undergraduate and graduate Dental School 
‘ursicula. Candidates should hold DDS, DMD, MD, PhD or equivalent 
“Applications from individuals with dua degrees (eg, DDS/PhD, DMD/PAD) 
‘rc especally encouraged. Successful candidates willbe expecied tohave or 
tchicve significant grant funding. appropnate teaching experince, and for 
Sppovntments at higher rank, national intemationl estach reputation. 
Please apply rough the UBIobs website at wwwanbjobs.bufalo.edu (all 
applications MUST be submited through this sit) 

The University at Buffalo is commited to increasing diversity within ts 
acu by scoking women and minority unites 


+ Molecular/microbial pathogenesis 


‘TENURE TRACK FACULTY POSITION IN 
STRUCTURAL BIOLOGY 
ity of Maryland Biotechnology institute ~ Shady Grove 
Center for Advanced Research In 
Center for Biosystems Research 

As part of 4 major new expansion, the University of Maryland Biotechno!- 
‘ogy Institute (UMBI) invites applications for a tenure-track faculty position 
(Assistant Professor) in Structural Biology (X-ray erystallography or NMR 
spectroscopy). The successful candidate will be expected to develop a com- 
petitive and externally funded research program using structural biology 
‘approaches to address contem porary biological questions 
The Shady Grove Campus of UMBI includes scientists from the 
Center for Advanced Research in Biotechnology (CARB; http:// 
wwvesimbi.umd.eda/CARB), the Center for Biosystems Research (CBR: 
‘http:/www.umbi.umd.edw/CBR), and the Natioal Institute of Standards 
‘and Technology (NIST). The eampus is located in the heart of « major bio- 
technology community with easy access tothe National Institutes of Health 
land NIST. The suecessfil candidate will benefit from existing strengths 
in structural biology, biophysical chemisiry, and computational biology at 
‘CARB and from researeh into complex biological systems and pathobiology 
at CBR. Siate-of-the at facilities and support for X-ray crystallography and 
NMR are available at Shady Grove. 
Qualifications: Ph.D. in Biochemistry or related fied, posoctora experi- 
‘ence ad knowledge sillsin structural biology. Applicants willbe considered 
Who have research interests in any area of contemporary structural biology, 
including biomedical, plant or insect biology. Applicants should subwnit their 
‘curriculum vitae (referencing position #300881), a summary of research 
accomplishments and future research plans, and names of three references 
(PDF file) electronically earbsretv@umbiaumd edu, Review of candidates 
will begin November 8, 2007, and continue until the postion is filled. 


UMBI is an EEO/ADAVAA Employer 


UMBI 
‘suo ove 


Tenure Track Faculty Position in Metabolomics 
University of Maryland Biotechnology Institute - Shady Grove 
Center for Advanced Research in Biotechnology 
Center for Biosystems Research 
Applications ate invited fora tenure-track faculty position atthe Assistant, 
‘Associate, o Professor level. The suocessfl candidate will be expected 
to develop a igorous, externally funded research program in the field of 

imetabolomics using advanced analytical methods, 

The Shady Grove Campus of the University of Maryland Biotechnology 
Institute (UMBI is developing an integrated research program in molecular 
systems biology, bridging the interes ofthe Cente for Advanced Research 
in Biotechnology (CARB, bttp:/wwwambiumd.edw/CARB), a partner 
ship with the National Institute of Standards and Technofogy (NIST) and the 
Center for Biosystems Research (CBR, http://www mbisamd.edw/CBR). 
Research wean the Shay Grove Conia cio chenicd Wagy am 
spectrometry structural biology, bioinformatics, experimental and computa 
tional biophysics, systems modeling, plant and inset biology. Several new 
faculty hires are aoticipated over the next two years, and anew 140,000 
A research building equipped with state-of the-art facilities has recently 
opened. 

(Qualifications: Ph.D. in Biochemistry or related field, postdoctoral experi- 
coce and knowlege stills in metabolomies. Areas of interestinclude but are 
‘not limited 10: metabolite changes in response to disease or environmental 
siress; applications in functional genomics; metabolic networks; medicinal 
plant metabolism: development of metabolomic databases, We are particu- 
larly interested in applicants who are seeking a highly collaborative research 
covirooment. Applicants should submit their cuiculum vitae (referencing 
position #300879), a summary of future esearch plans and names of three 
references (PDF file) clectroncally to carbsrehia umbiumdedu. Review 
of candidates will begin November 8, 2007 and continue until the position 
is filled 


UMBI is a EEOUADA/AA Emplover 


Science Careers 


wl RA EAR 


BAG National Health Research Institutes 


Immunology Research Center 
National Health Research Institutes (NHRI), Taiwan 


The newly established Immunology Research Center at the National 
Health Research Institutes (NHR) in Taiwan invites applications for 
‘multiple tenure-track/tenured faculty positions atthe rank of Assistant, 
Associate or Full Investigator (the equivalents of Assistant, Associate, 
tnd Ful Professor in universities). Highly qualified candidates are 
sought with research interests in all areas of Immunology and Signal 
‘Transduction, especially in the areas of cell signaling, innate immunity, 
cytokines and chemokines, immune tolerance, autoimmunity immunity 
to infection, and cancer immunology. Applicants should have a Ph.D. and! 
oF M.D. degree as wel as postdoctoral experience. Selection will be based 
‘on excellence in research and the potential to maintain an outstanding 
research program, Investigators also contribute to training graduate 
students from affiliated Ph.D. programs at several national universities 
1s well as shaping Immunology research at NHRI in Taiwan, A generous 
‘annual intramural support will be provided. English is the official 
language for regular seminars and lectures at NHI, and proficiency in 
the Chinese language is not requited for application 


Applicants should send curriculum vitae, description of research 
‘accomplishments and future objectives, and three reference letters to: 


Faculty Search Committee 


are filled, Further information can be obtained from 8 
sunda nhriorg.tw. 


stem cell biology 


The Life Sciences Institute and the University of Michigan 
Medical Schoo! invite applications for tenure track ASSIS- 
TANT PROFESSOR positions. We are secking outstanding, 
scholars, with Ph.D., M.D. or equivalent degrees and relevant 
postdoctoral experience, who show exceptional potential 10 
develop an independent research program that will address fun- 
damental issues in any aspect of stem cell biology. Applicants 
‘who have already established successful independent research 
programs will be considered for tenured ASSOCIATE PRO- 
FESSOR or PROFESSOR positions. 


Applicants should send a curriculum vitae, copies of up to 
three reprints, a one- to two-page summary of research plans, 
and arrange (o have three letters of reference sent directly by 
November 1, 2007 to: 
‘Stem Cell Search Committee 
eo Rebecca Fritts 

Life Sciences Institute 

University of Michigan 

210 Washtenaw Avenue 

‘Ann Arbor, Michigan, 48109-2216 


The University of Michigan is an Affirmative Action 
Equal Opportunity Employer. 


@ MARYLAD OF 
” MARYLAND 


Assistant/Associate or Professor(s) 


The Fischell Department of Bioengineering, 
University of Maryland, College Park 


The Fischell Department of Bioengineering is seeking highly talented 
individuals in the fields of bioengineering for two (2) tenure-track oF 
tenured faculty postions. 
The Departinent isa highly progressive unitcatalyzed bya giftof $31 million 
fiom Robert E, Fisebell and family. At the interface of engineering and life 
sciences, our Department seek to build quantitative systems approaches that 
will define the multi-scale underpinnings of healthcare engineering for the 
next generation. The Department has over S$ graduate faculy mentors ia 
inary areas of bioengineering mchuling four colleges at College 
Park, the Schools of Pharmacy, Dentistry. and Medicine of the University 
‘of Baltimore, and the University of Maryland Biotechnology Institute. The 
undergraduate program is highly sought aflerby the most alentedhigh school 
students in Maryland and elsewhere. 
Located in the greater Washington DC area, the Department has accesso vast 
research resources and facilites in the immediate vicinity including those 
‘of the NIH, FDA, DOD, USDA, and NASA as well a over 600 Maryland, 
biotech companies, 
‘Qualifications: Open to all areas in bioengineering. Candidate must 
have Ph.D. in biomedical, biological, or closely related engineering field. 
Candidates with excellent communication skills and stroag background in 
areas of, but not limited to, protein engineering, genomics, sy tem biology, 


To apply, please visit http://apra.umd.edu/search.jsp?1D 
100000103. Applications received prior to December 15, 2007 will 
‘eceive earliest consideration. 
The University of Maryland is an Equal Opportanity/Affimative Action 
Employer Women and minorities are encourured to apply 


University of Minnesota 


Stem Cell Institute and Department of Genetics, 
Cell Biology, and Development 


‘Two Faculty Positions 


Following appointment ofits new director, Dr Jonathan Slack, the 
‘Stem Cell Institute at the University of Minnesota is conducting a search 
foe faculty, at the Assistant, Associate or Professor level working inthe 
areas of stem cell biology, regenerative medicine or applied develop- 
‘mental biology. The University will devote competitive salaries, start 
up packages, and recently built laboratory space, with access to 
of-the-art core facilities. The candidates must have a Ph.D. or M.D. 
with at least three years of postdoctoral experience, and evidence of 
high quality research productivity. Applicants are invited in any area 
‘with potential for interaction with existing research programs (see W 
Jyvrww.stemcell.umnn.edu) and especially in the areas of (1) panc 
beta cell generation, and (2) tissue, organ or appendage regenera 


The persons sclected will be expected to develop an independent, exter- 
rally funded research program and participate in the teaching mission of 
the Department of Genetics, Cell Biology and Development (GD). 


Individuals interested in this position should apply online (http 
Hemployment.umn.edu). Search for Requisition Number 150879. 
‘Attach a CV and a statement of current and future research. Three 
letters of reference should be mailed to: Stem Cell Faculty Search, 
clo Lauri Andersen, Stem Cell Institute, University of Minnesota, 
MTRE, 2001 6* Street SE, Minneapolis, $5455, USA. For further 


Closing date for application 31 December 2007. 


The University of Minnesota is an 
Equal Opportunity Educator and Emplover. 


Scientific Director at Fox Chase Cancer Center 


FOX CHASE 


CANCER CENTER 


‘The Fox Chase Cancer Center (FCCC) is initiating a national search to identify the Scientific Director who will have the overall responsibility for directing, 
coordinating, and building the scientific portfolio within the FCCC, a NCI funded Comprehensive Cancer Center. The Center seeks to reduce the burden of human 
cancer through the pursuit of knowledge in basic biological research; the conduct of research specifically related to cancer etiology, treatment and prevention; 
‘and the application of new knowledge tothe prevention of cancer and the compassionate care and treatment of cancer patients. Inthe next decade an emphasis 
Will be placed on integrating emerging technologies to enhance team science to reduce the burden of cancer. 


‘The Scientific Director will eportto the president and wil be appointed as senior vice president within the administrative structure ofthe institution. The individual 
in this new position will have oversight of all the scientific efforts in the Center and will work with ther senior leadership of the institute to design future laboratory 
space and recruit individuals to fil new research space that will become available on the FCCC campus in the next several years. In addition, the individual will 
serve asthe Deputy Director of the NCI funded Cancer Center Support Grant (CCSG) assuming significant responsibilities in the management ofthe CCSG grant 
hich is current in its 45* year of continuous funding. 


FCCCis one of seven freestanding National Cancer Institute designated Comprehensive Cancer Centers. Research inthe Basic, Medical and Population Science 
Divisions is structured around a number of focused programs that represent the Center's cammitment to areas of investigation and interdiscplinary interaction 
that are ftical to our mission of reducing the burden of eancer. Faculty members investigate problems that range from fundamental mechanisms about intresting 
‘and outstanding biological processes tothe treatment of neoplastic disease i the clinic. The juxtaposition of laboratory and clinical investigators with abroad range 
of inlerests and expertise opens the opportunity for cross divisional iterations in which a variety of approaches are brought to bear. Such cross-dvisional 
activities foster a uniquely collegial and interactive atmosphere that supports the mission of FCCC. 


Major areas of research include: 1) structural biology, 2) cellular and developmental biology, 3) immundbiology; 4)tumor cell biology; 5) viral pathogenesis; 
6) basic, translational and clinical research on ovarian, breast, colorectal and prostate cancers; radiation oncology; 7) diagnostic imaging; cancer prevention and 
contrat; 8) cancer epidemiology and etiology 9) cancer genetics; behavioral and psychosocial research; and 10) bealth practices and outcomes research. 


“The ideal candidate will have an intemational reputation for innaative research and havea track record of productive peer reviewed funded scence and have accumulated 
1 series of professional experiences that demonstrated his o her leadership qualities. Experience within a comprehensive cancer center or academic medical center 

ight desirable. In addition, important participation in large team-based science efforts in population science, genomics, translational research, bioengineering 
‘molecular imaging is desirable but not required. 


‘FCCC is an Equal Opportunity Employer and women and individuals from underrepresented groups are expecially encourage to apply. Letters of applications 
and resumes (electronic preferred) should be sent to: nancy.cook@zyresintemational.com or Gyres Intemational, PO Box 439. Oxford, MD 21654 


IOWA STATE UNIVERSITY 
College of Engineering 


Discovery with purpose 
en ‘The College of Engineering at lows State University has an aggressive mission to advance our global impact by 


lows State University the nation’s | addressing the challenges that will define our worldwide qual of life inthe coming decades. To that end, the 
wl continue to fil 0 new facuty postions with faculty who possess the talent and passion to positively 
impact our students, nation, and world. To help focus our efforts in pursuit ofthis mission, these new faculty will be 
‘members ofthe following inter disciplinary research and education clusters: 

* Biosciences and Engin Energy Sciences and Technology 

ering for Extreme Events Information and Decision Sciences 

ering for Sustainability 


first land-grant institution, 


community of 50,000 residents 
located 35 minutes from Des 
‘Moines, our state capital. lowa 


‘State has a long history of 
achievement nr acienee eng | FOr bACkyround information on the cluster areas andthe desired qualities of our new faculty see 


nra-anginnering ievtate odellerters. 
‘engineering: engineering was 
‘one ofthe institution's origina! | Applications fo faculty posions ata levels (assistant, associate, nd ful professors in all department are welcome: 
<istans. The univers eons | * ReoiaceEndoaeting 
+ Agricutural and Biosystems Engineering 
nderpadusts ona neeny tooo | cretictand Balog! Eninesing 
1.000 | «ivi, Construction, and Environmental Engineering 
radlate students in the College | Elecvical and Compute Engineering 
of Engineering. lowe Stat is 2 | + Industal and Manufacturing Systems Engineering 


Carnegie Foundation Doctoral/ | + Materials Science and Engineering 
Research-Extensive University | + Mechanical Engineering 


recognized by U.S. News & World | adgironal information onthe missions of our college and departments is available at www-enginesringiastate.odu. 


Roper a ane ofthe nation’s | Tobe considered for positon, you must submt your apptication mateas vie our Website ht/iwww anginering 
top 50 public universes:the | jase ed custervoppicaton process hm Yur packet must inde a cove eter icaing you departs) 
‘magazine ranks the engineering | of interest wa, publication ist research and teaching plans, and at least three references. Questions can be 
graduate program among the | directed: clasterhiesGeagineeringiastate.edu We particularly encourage women and underrepresented 
nation’s top 20 percent, | Minatties to apply. lowa State University is an Equal OpporunityAfimative Acton Employer and an NSF ADVANCE 
{rantee with the goal of enhancing the success of women faculty in STEM fs 


Opponent Empoe state.edu 


engineerin 


careers 


ience C 


Science Careers 


The Victor Chang 


CARDIAG RESEARCH INSTITUTE 


FACULTY POSITIONS 


The Victor Chang Cardiac Research Institute (VCCRI) is seeking 
faculty members at the Senior Lecturer, Associate Professor or 
Professor levels. Applicants will be expected to hold a Ph.D. or M.D. 
with relevant postdoctoral taining, and 1 have a Wack record of 
Outstanding research achievements at an ieternatonal level that has 
‘tracted highly compestive poer-eviewad funding. 
Those that address gene regulation at the transcriptional or post- 
transcriptional levels Or that focus on siRNA, miFINA or epigenosc 
proaches; asc boy artery in wns ol neoungneneas 
(fF vasoregilalory macharisths; stem coll biology and 
Spproacnes siucura bology or Bomformalcs win specie ss fn 
‘genome profling and microarray analysis, or tissue or Bioengineering, 
‘are particulary encouraged to apply. Preference wil be given to 
plicants performing “cutting-edge” research in areas of 
diovascular science or dsciplines that are relevant 
to understanding cardiovascular biology or disease pathogenesis at 
the physiological, molecular, collular and structural levels. 
The VCCRI provides an outstanding scientific environment with 
fablished strengh in developmental biology, gene regulation and 
‘epigenetic, molecular cardiology and biophysics, structural and 
‘computational biology. and cardac mechanics and tansplantaton 
biology. The succassful candidate wil be provided wit laboratory 
Snce and sept enc mart canky eebleh ar 
1m, and ‘will be eligble for an acaderric appointment 
Ennveraty of Now South Wales, Details of tho Inge, programs 
‘and taculy are avaiable at: www. vietorchang.edu.a 
To aeph eiomit-2 CV. the pamestorisct Wlomation of tee 
‘olerees, and a statement of past research achievements and 
“anticipated research directions by 15 December 2007 to: 
Ms. Jeshioe Gaundar, Manager, Human Resources, 
Victor Chang Cardiac esearch Instita 
984 Victoria Street, Daringhurst, NSW, 2010, Australia 
(oF email recrutment @victorchan 


SHEASRSHAM 
Waseda Institute for Advanced Study 


Tenure Track Program 


Waseda University ie seeking to further enhance the teaching and 
research envionment i provides. In parila, the University is working 
{o eetaplih a research Tramework that enables young researchers 10 
oronsvato thor euble tink. capabilites and taint tothe ful 
Waseda Insitute for Advanced Study ts curonty recruting rosaarchors 
((xad2erm faculty) forthe tenure track program ouiinad below. 


Flesearch eds to be invited 
Elgcvoncs Narooecvonce Pholoncs, Semiconductor Enginootng, 
Blectonic Propartes of Mattor 


Period of Appointment 
In principle, tom April, 2008 to March 31, 2011 
‘in FY2010, tho researchor's research and teaching performance wil be 
‘Subject to intoren appraisal, aftr which continuation or termination of 
‘employment wil be decided. ! empoyment is continued, it wil be 
renewed annually (up to 2 years atthe longest), 


Promotion of ful-time faculty 
the reswarchar is judged 10 be eigibie folowing fina appraisal by FY2012, 
‘hey wil be employed as toruzed (tul-me) fact from ho fosowing yaar 
‘Applicants must have a doctorate or equivalent. Howover, ti desirabie 
for tha doctorate to have boon obtained within 10 yoars of Api 1, 2008, 
Further datas and application forms can be obtained from our website 


worn wasoga ish 
Cree ean SBE soon p 

‘Apphcars mas breyani enine onthe Web, and ser ae regu 
‘Soren @ ow tawny Poors 

‘nese tne tor vers Sky 

‘orton Rossa Empoymert 

‘4 Wan Wasa Sarna Toho YOO, JAPAN 


Coeng Cate: 3 November 207, Sem (Japan tire) 


Immune Disease Institute 


Assistant Professor, Structural Biology 

Harvard Medical Schoo! 

Immune Disease Institute 
‘As upat of the Immune Disease Institute (IDL, formerly CBR) Longw oud 
Consolidationand a new building peojct to be complctedin mid 2008, we are 
reentng tenuretrack fculy at the rank of Assistant Professor in partnership 
With the Departinent of Biological Chemistry and Molecular Pharmacology 
(BCMP) at Harvard Medical School. IDI is highly interactive and offers out 
standing opportunities for collaboration and technical support. The sucessful 
‘andate Will b offered competitive start-up package. He she wil direct an 

wleperdent research laboratory at IDI and his her work will complement anal 
cuhance the efforts of our distinguished faculty i cell biology. immunology, 
inflammation, vascular biology infectious disease and cancer 
We are seeking a candidate who integrates macromolecular structure and 
biological function, expecially somcone who works on fundamental problems 
involving signal tansinission in extaceltular and eytoplaxic environments 
tnd across cell membranes. Approaches using molecular dynamics and 
spectroscopy. inchuding EPR, protein structure prediction and design, X-ray 
erystallography and innovative light microscopy will be of special interest 
The new structural Biology initiative a 1D will beable draw ox available 
resources such as the HMS Center for Molecular and Cellular Dynamics 
(MCD). 
Please forward a cover letter requesting consideration by the search com- 
mittee, eurticulum vita, reprints of key publications, letters separately sent 
from three referees, and a two-page statement of research interests include 
ing previous contributions and futur rescarch plans 00 later than October 
30, 2007 to: Timothy A. Springer and Tomas L. Kirchbausen, Search 
Chairs, Immune Disease Institute (ID), 200 Longwood Avenue, Boston, 
MA 02118; recruitmentidiharvard.edu. 
1Dland Harvard Medical School are Affirmative Acton 
Equal Opportunity Employers. Women and minority candidates 
Care stromal encouraged to pp 


Faculty Positions in 
Molecular Biology 


faculty search at the Awistant Member level (equivalent 1 Avisant 
fewor), We are interested in outeanding individuals who 


demonstrated records of significant accomplishaent and the potential 
‘make noteworthy contributions ta the biological sciences as dependent 
investigators Successul applicant will have rescarch interests that move 
the Progra into exciting new areas that complement and enhance oar 
existing strengths in the areas of maintenance of genomic ines, 
‘regulation ofthe cell eye, lation of gene expression, Faculty wil 
be eligible w hold appointments in both the Gersiner Sloan-Kettering 


Graduate School of Biomedical Sciences and the Weill Graduate School af 


Medical Sciences of Coenell Univers 
Candidates should email their application in PDF format w: 
smolbiofemakce.org by November 15,2007. The application should include 


TCV, atecrpor ol prt ssearth,2 dorpion ef proposed veer, a 
‘opie of shce representa pubic “ 

tee ree signed lers of stereoe Sot by coal et bothaabe 

tr by regular al to Dr: Kenneth Marans c/o Seven Cappidl, Box 15. 
Meneral Som atiering Cancer Center, 1215 York Avera, New York, 
New York 10065. The keen shuld aie ty Novernber 15,207 Inquiie 
tary be sent to Me. Cppice at mebioGdrsarg or wo Dr. Rencth 
Haian Cai, Malcealar Biology Progra: erineioomnering aa 


Memorial Sloan-Kettering Cancer Center is an Equal Opportunity 
Employer, Smokefree environment 


\ Memorial Sloan-Kettering 
} Cancer Center 
Oe Toast cama Com Apo 


i 


ev si 


Position of Chief of Ocean Sciences 
Intergovernmental Oceanographic Commission of UNESCO 
Paris, France 


Duty station: Paris, France 
Grade: PS 
Post number: SC-314 
Closing date: 19 November 2007 


{In 2010, the Intergovernmental Oceanographic Commission of UNESCO will celebrate five decades 

as the only inter-governmental organisation with a remit for ocean science in the UN system. The 

‘Commission has served its 136 Member States wit distinction. Beginning with the establishment of 

the Committee on Climate Change and the Ocean, of which Roger Revelle was the founding Chairman, 

its work continued through the establishment ofthe Global Ocean Observing System, and today it eads 
: the UN Global Marine Assessment effort. 


‘As it adapts to new ways of delivering on its mandate of promoting the best ocean science that feeds into policies, an opportunity presents itself in the 
recruitment ofa new Chief of the Ocean Sciences Section. 


The Commission is looking for an established oceanographer With (i) excellent scientific credentials to facilitate interactions within the oceanographic 


community, and (i) experience in leading an institute active in marine sciences or large national or international marine research programs. This profil will 
allow the candidate fo interface between scientists and policy makers, as well as appreciate what works in implementing science plans atthe institutional 
level, 

The Commission is looking for candidate with (i) foresight and enthusiasm to coordinate today new areas of enquiry for the ocean science issues of 
tomorrow; (i) plans and a vision to include all member states to participate and benefit from the occan; and (ii) patience and skills to translate science 
information into forms suitable for policy makers. The full post description is available at http://reerutweb.unesco.org/paSCM4.PDF. 

Conditions of employment: UNESCO's salaries are calculated in US dollars but mainly paid in local currency. They consist ofa basic salary and a post 
adjustment which reflects the cost of living ina particular duty station and exchange rates. For this post, the annual remuneration in local currency will start 
{rom around €95,600 (€88,800 if without dependants), exempt from income tax. In addition, UNESCO offers an attractive benefits package including 30 
‘days annual vacation, home travel, edueation grant for dependent children, pension plan and medical insurance. The initial appointment, which is for two 
years includes a probationary period of 12 months, and is renewable, subject to satisfactory service. Worldwide mobility is required as staff members have 
to serve in other duty stations aceording to UNESCO's job rotation policy. UNESCO is a non-smoking Organization. 

How to apply: Candidates wishing (o apply for this post should use the UNESCO on-line recruitment system at the following website: http: 
Jiwww. — 


Founding Chair, Department of Basic Sciences 


‘The Commonwealth Medical College, a new independent medical school in Pennsylvania is seerching for a founding basic sciences 
department Chair who wants to build an integrated and collaborative basic sciences department, help develop a state of the art 
curriculum, and foster research in a collaborative setting. This is a chance to help shape the future of a new, innovative model of 
‘medical education. The Commonwealth Medical College will train in a community based, distributive model working with clinical 
faculty throughout north central and northeastern Pennsylvania, linked by state of the art technology. We are in the accreditation 
process with LCME and the Pennsylvania Department of Education and hope to accept our first class in 2009. We are funded by state 
dollars and a generous grant from Blue Cross. The school enjoys tremendous regional support for its mission of education, research 
and service and has developed relationships with outstanding local colleges, universities, hospitals and physicians to create a new 
‘model of medical education 

‘The Department of Basic Sciences within The Commonwealth Medical College seeks an outstanding scientist for the position of 
Founding Chair of the Department of Basic Sciences. The Commonwealth Medical College has identified strategic research interests 
Which include genomics, pharmacogenomics, pharmokinetics and pharmacodynamics that are relevent to cancer and epidemiologically 
important infections and diseases. It is enticipated that the successful candidate will have research interests in one of these “signature” 
programs. Cancer, diabetes, and heart disease ae the leading issues of concer, but other areas of expertise are also welcomed. 

Minimum requirements include @ MD, PhD, or MD/PhD with 2 minimum of five years of experience as an Associate Professor or 
equivalent, A record of sustained accomplishments and evidence of leadership in hisIher field, relevant administrative experience, 
and evidence of effective interpersonal, collaborative and communication skills is required. The successful candidate is expected to 
have a distinguished record of scholarly activity, 2 continuous history of extramural funding and requisite recruitment experience in 
‘a medical/graduate curriculum. A legacy of building interdisciplinary programs and experience with successfully mentoring medical 
students is also highly desirable. 


Please submit your curriculum vitae to: Robert M. D’Alessandri, MD, Dean, The Commonwealth Medical College, 150 North 
Washington Avenue, Scranton, PA 18503 or electronically to RMD@nepamedc.org. 


thecommonwealthmedical.com | The link to the Dean's blog is newmedicalschool. blogspot.com 


"This soo is prapsed ad in development pts. Met et panied degree rating athey fem the Pestana Depatment of Educa. 
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POSITIONS OPEN 


[ASSISTANT PROFESSOR 
Environmental Soil Scientist 
Department of Agronomy 

Aryointment conltions tne tack, rte ment, 
fal ne, propose sta te Aca 16, 2008. The 
Department of Agronomy antes applicasons for a 
facalyy pation be environmental al scenes. The 
sncceadl canta wil concoct search fs exo 
fen voll science rete bo the Ee ae bemport 
Sf rutrents aac in lows agricultural peodaction 
Seems, The appotnee is expected to develop leader 
ship in integrating the application of sod chemical, 
‘nitrobiologial, aia phyweal principles to agricul 
ture and natural rue challenges that spa spl 
‘als from the root gone to the landscape. The ap 
pointe wll engage in interdscigtinary research on 
Topics rach as hingeochemial specs of nutrient 
tnanapement and nitrogen procencs along the soil 
Plant grouniwater fe water contre. The 
Pome wil tex an Undepahse couse bf 
Snvironmedtal scence eajor es Well oa geafuane 
conte rcurcd to aprchermicak in the eonitonecnt 
‘The appeintce may ao aie undergraduates a 
diet undergrads rxcrch, Superten art achis 
ing of sil scence yraduate stents, paripation in 
Ctuiculum development and outreach programs, 
nd performance Of Univerity scvice at also ex 

ec Thm pion seen 75 pct each 
{ind 26 percent teaching. lowa State University 
dilly seeks candiaten who wil contrbure to the 
Aivenity and excellence ofthe academic communiy 
through thee research, aching, and outreach. tees 
Stare University {ISU} i oe of the country’s lead 
ing agricultural esearch wnivertien and sn one of 
the top acura states inthe United State, 
Late i the city of Ame, ISU is i the earn 
OF US. euture and agecultre. Ames has abundant 
ional and entertainment opportuntics an an 
‘outmandingschocd sytem, Thi culty potion af 
 agificane opportunites forthe development 
ff strong intrdicplinary recarch teams wth de 
panimentl fcuk, liad departments on the ISU 
amps research Organizations suc os the USDA 
Agreuliurl Recah Serice, National Soil Tith 
another state a 


research and teaching proficiency, 
including experience in studying the fate ana trars 
port of nutrients and agrichemials in the environ 

lent written and oral commurication sil 
erred qualifications: teaching, research, aid 
‘outreach experience beyond the Ph: degree; back 
ground in using modeling tools and geographic in 
formation systenis; demonstrated success in grant 


experience working collaboratively with researchers, 
extension staff, industry, and aggney personnel. 
Salary: commensurate with qualiications 
pplication instructions: Please send a letter of 
applcation, curriculum vite, credentials, descriptions 


ing and research (including, metho and 
equipment hat wil be used) interests and exper 
nee, andthe name, adres, and tdephone namber 
‘of three ceferenses tor De. Rendall Lamey, Chie, 

Jcpartment of Agronomy, 2101 Agronomy Hall 


Towa State University, Ames, IA S00L1. ‘The ap. 
plication deadline is November 30, 2007, or wail 
the position filled, 


ASSISTANT PROFESSOR, BIOLOGY 
‘Framingham State College 

“The Biology Department at Framingharn State Col 
lege seeks applications for a tenure-track penition start 
ing in September 2008. The successfal applicant will 
bea broadly trained Biologist with expertise in 
Iccuba biology, genetics, and cell biology, a Ph.D. in 
biology, and 2 passion for teaching undergraduates. 
Bor 3 fll job description and how to apply, please 
reer to website: np: //ww.feaminghan.u/ 
© Frumaygian Sie Cie at Egul Oppanty/ Afar 
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EMORY 


ey 


EMORY UNIVERSITY 
Department of Environmental Studics 
“The Deparment of Environmental Saudis 3t Emory 
University innites applications for EWO positions st 
the ASSISTANT or ASSOCIATE lov to begin fll 
2008. We seck candidates who will actively engage 
‘ith 2 facuky that i commited to teaching and re 
Search that itegrates the natural and social sciences 
inthe study of the environment. Thematic areas of 
particular interest tothe D india, but ace 
hot bited to, global health an ceviorment, sy 
fabity, and urban ecg, with 3 focus on either 
terrestrial be axatic envicoaments. We welcome ap 
Plicants already holding a faculty poston or ‘ith 
Trad. eompleua by Aust 2008, in a relvant dis 
‘Spline suc as eath and amonpbeaic scence, elo, 
‘conomnics, rewraphy, public heath, public pabcy, ot 
tian ste. canines should be pe 
pre to esaliish a \igorous research program anal 
Fe'commied to eicellcnce inthe tintng of under 
wate ad pate den The psn ponies 
Sh opportumty to join a growing Department in 
‘outtentve toca, venga Sain pro 
jerama that are consistent with the Cniverity's newly 
inves (website: heep://wowe 
forest acting. Foe 
adliional infiemation about the Department and 
inks to Adlanta an Emory University, please wnt 
the deporentl website: heya /r-evsemory. 
edu. Applications should weld curacuTant vitae, 3 
Sfatement of research interests and teaching philos 
sy, representative publications, and the ames of 
thre references. Matera should be submitted elec 
tril wo mal ibyed0 lemony ed The re 
‘iow wil begin Decontber T%,2007~ Ganerd inquiries 
tmay be dicted to Dee Witlom Stor e*mal: win 
Shore ne Una oa pd Cc Ao 
Employ. Wimtew ad tino sndidies a 
Conon ve apply ots psn 


PLANT PHYSIOLOGICAL/ECOSYSTEM 
ECOLOGIST 
Rutgers University, Newark 
Applications are ivite for a tenure-track ASSIST: 
ANT PROFESSOR position in the Department of 


iological Sciences (webvite: betp:/ /newarkbiosc. 
sutgereda); pry ee ose 
fancad Amstant or Associate Profesoe lve wil aso 
ibe considered. We are interested in hig 3 PLANT 
ECO-PHYSIOLOGIST whose research links or 
faniims to their surrounding ccomstem. The auc 
‘esfal candidate wl oun the Beology ard Evolution 
Research Grou that currently encompasses Lange sale 
‘cology, community ecloy, marine ecology, and the 
‘oretieal volo. Abit to interact with cages i 
the Department of Ear and Environmental Senet, 
the mathematical biology group at New ery Inst 
tute of Tedhnclogy, and the Meadowlands Environ 
imental Research Imeitige is abo dewrable. Applicants 
tmunt have 2 PhD: dearee oe equtvalent, postdoctoral 
training, a recon of rocarch accomplahisery, and 
the ably’ to develop an externally funded program 
Df rexcarch. Applications will be revicwed starting 
November 15,007, and will be accepted until the 
postion & filed. Carrculum vase, statements of 
fesearch and teaching imerests, and three fetes of 
recommicndation should be sent to: Ecology Search 
prremcnt of Reloges Sdenc Riggs Unive, 
University Heights, 195 Univenity Avenue 


PDF files are strongly encouraged, e-mail: biosci@ 
newark rutgers.cds. 

‘Rangers Unrety 6 an Arman 
tumey Employer 


aio /Eqaal Oppo 


POSITIONS OPEN 


DIRECTOR of BASIC SCIENCE RESEARCH 
‘SimmonsCooper Cancer Institute 
‘Southern Illinois University 

The SimmonsCooper Cancer Insitute (SCCI) at 
the Southern Minos Univenity School of Medicine 
in Springeld is recruiting 4 scemtific leader to pro 
Side vision and administrative oversight to its baie 
Science research program. Thi isan exciting oppor 
tunity wo inlucnce how basic scence research faculty 
‘work in collaboration with clinical cancer specialists 
to develop innovative tarsltional research pro 
ams. A new Cancer Institute building with sate 
Sfthe-ar fais & curently under construction 
nd slated to open i. July 2008, ‘This will enhance 
‘rising facllies tommited to canecr research Which 
include more than 25,000 square feet of laboratory 
“Pte succes candidate for thin leulrship pos 
tion wil powsess 2 PhD. and/or M.D., sips ex 
erence in recarch, eutering, and administration, 
hd extemal funding for basic science revcarch rele 
‘ant to encelogy. Teaching opportunities with med 
Xesland yradate student education programs are 
Zvalile. The appeintment wil be a tenure track po 
thio atthe level of ASSOCIATE/FULL PROFES- 
SOR in an appropriate academic department, wi 
cross appeantment to the Tasitute. A competi 
Stary, Wenefit, and laboratory fly cha is 
Froraded by the Souther ios University School 
Of Medicine. 

Applicants should submit letter of interest, cur 
riculam vitae with a history of external faring, 4 
“iseription of search accomplishments an plans, 
Sand the names and contact information for three 
Profesional references 1 

Mr, Garrison C. Veicht 
Administrator, SimmonsCooper Cancer Institute 
at Southern Illinois University 
P.O. Box 19677 
Springfild, IL 62794-9677 

7s yastion har Ben dental aso a ee 
soya i cotinge upon teens oa cinlbkd 
Treat SIU a a Opry Ege Wa 
(an mines a een 8 py 


‘YENURE-TRACK ASSISTANT PROFESSOR 
University of Michigas 
Biophysics 

Tiophyscs at the University of Michigan antici 
putes that onc of two tere track faculty postions 
Si be aval with 3 September 2008 starting te 
The postion a tenure tack Avatant rofentrship 
ssh Uninry eames We ae cond 
{ring appleaions mall arse of bobs, especialy 
thon os forued on poblens of looped ite. 
ft tha ine and develop mer Wop mh 
Seles, Weare primary iereted i exprietal 
stork to comment the theoretical an numeral 
Inedching efforts that curves exit inthe area of 
Structural dynamics. Information about our esearch 


edu/~biophys/. 
eC PeP, Sontyncs ora ela Gad such 


Ss chemistry, bloga chemistry, yes, cee 
The succenfalcanidate expected to cabin an 
independent research progrant and to contribute cf 
fancy tothe Depatrcersundergadate and pra 
tire teaching program Appicans should stb 
Surriculaes vitae, 4 bet statement of present and 
Sara rescach plans a attement of teaching expe 
ce and interes, seat thre Leer of recon 
tmendation, and evidence of teaching exedlence, if 
ny The deadline for appheations is December 10, 
3007. Applications and ped letters of recommen 
dition i PDE format can be emaled to ema 


Building, University of 
Michigan, Ann Arbor, ML48109-1055. Hines and 
mins ar encouaged 1 apply. The Univesity of Midiea 
[Eanpporve of the neds of datacer ules anda Eat 
Opponity/Apimaaive Aciow Esper. 


wow sciencecareers.org, 


Bioinformaticist 


The Howard Hughes Medical Institute, » national and ineernational 

plalahopy devel to Boma rear an scene ction, = 

Seeking a Bioinformaticist wo jain our new Science Fuducation Allzance 
SEA) program located in Ashburn, VA. 


Chair of 


Mechanical 
Engineering. 


‘The SEA program isan exing new inane dat po 
tatioral nous for scence eficaton. The SEAS fn 


Asa key contributor wo the successful development and implementation 
ofthis and fre iit, the Bioinformaicise wil sey md 


polaclosd pe poner siontapery specie 599 
efor ple Seay dn The Faculty of Engine 
ee She 


ing 


tow the development and implemiceeaton of workshops to wala set, ic voce of eh cielo Ne la lace 
Sind serve a the primary fsa between the SEA and Puppet sal. enh bdas a 


ional 


university with a tradition of excellence in teaching and 
Fo exe! inthis postion, you nust posses an MS or PhD. in 

hsnformatks tr Computer cence, at feat? year of ec experience 
with tiinfonmats tools and advanced Knowle pe of molecular tclogy new approach t tertiary education with the launch of the 
para cpa Melbourne Model major higher education efor which 
INDE Lia Spertng arses a wel os demomsecced pookciency well align the University’s curriculum with international ; 
lasergencrand BLAST {strong servicerentel smal, copled with standenls and provide an outstanding and distinctive 

‘exceptional interpersonal and communication skis is abo required experience for all students. - 
HHMI isan intlleculy demaning,realt-orented organization wth : " 
eacellentslaries and benefits: Reporees hull include year present The Chair of Mechanical Engineering wil lad th 

rion, anda bret sanenery of four scene ceoempchensees: Please selopment of world-class rerarch, scholarships and 

fend your neuine w TMT vis cma at jobs@hlomborg. Please soteret a 

Incude th py dein the subject ne. To Warm nore about HELM and 
$0 pire ak cer pea eee Saal This Chair is expected to make a major contribution 
The Hvar Hughes Medial Inst san Equal 

Opportunity Enver 


research. It is the only Australian university to take a 


education with a focus on Dynamic Systems and Control, 


Theology Blcopacrag, Seana Sema ead 
HHMI Peer eye fe erate 


themes will be sought from this Chair. The appointee mu 


beable to make a strong contribution to the Department's 


undergraduate and graduate teaching programs, 
University of Pittsburgh particularly in the atea of mechatronics. 
Faculty Positions 
Center for Vaccine Research 
The Centr fr Vaccine Reseach CVR) ofthe Univer of Pasburgh 
ved emery palhoges and Bnceree 
rewrick poston at fhe Ruan, Aso humamrelated phenomena in engineering settings 
ubishod investigatory wth expertise ce ile sn patho 


Iewill be essential that the Chair can combine action on 
some of the urgent contemporury problems of ind 
with fundamental investigations of physical and 


Salary: An attractive, highly competitive remun 
package will be negotiated including employer 
superannuation of 179%. 


pene or 
fr favivruss are rung encour 
Scho! of Medicine, the Grad 
schols ofthe hel cence. 
The CVR is housed in the new, stteofaheat, 00.00 sq. f. Biomedcal employment Type: 
Research Tower (BST), which is locate on the main cama ofthe University ley si 
oC Fishnet non elng ca ata The CVS com Advice to applicants: Applicants must address the 
posed of two componentsthe Vaccine Research Lab (VRL) and tbe Regi _ 

Tab (RBL), offing comprehensive BSL2 and BSL3 laboratory selection criteria, quote job number 0017840 and include 

thee 


II-time (continuing) position, 


tact details of three referees. 


Applica escademicscomlhces ht mec ho mands 

for turctnck sopoiinca, incoding on advanced depee (MD, PRD, cr Applications can be forwarded to one of the following: 

eve) Sucre catia wile tov plain red be ede 

cdetbus nie yacie esearch feta tt aves eronracd uy ca 

ccsaerel eters ends Sey toh ond aionic appease Albeo fe 
marae vah quifcatss sof operons 

havc ef epicions wil bg inci snd cons mt lyse me Pose: Sarah Huster, Partoer, Condines King, 

ist ted inivds shad sb a ber ef sptcsoon corso vase Pest deat 

a stakement of rescarch accomplistments and goals, and the names, muting addres Level ial, 

cs onal uiieacr onl kepioss mates of ince purctinal hioescet Melbourne VI 

sepa ere ds oo Mtg 


fect bine: CVR Facklty Search). Applications subst by tas Shoal Be et Closing date: 4 December 2007 
Po University of Pittsburzh | For further information, sbtain the position dexcription and 


(CVR Search Commitee, co Donald S. Burke. MD 


Emmi 


lect @ckh.comau 


+61 39620 2811 


Collins Street, 
3000 Australia 


cS reir 5 section rteria at soa jobs animeb.edu.m 
‘9014 Biomol Sdence Tower’. S501 Pith Avene. Pisburgh. PA S261, USA and search under the jeb title or eb no. 017840. 


Tnguires: e-mail CVRInfo pte or tckphove 412-624-490, 


The Univesity of Ptsburgh san equal opportunity, affemasive ation emplayer 
‘Wom and minority candidates are sarong encouraged i appl 
Fo moe informatie abou the CV, pase visitor woh sist 


An Equal Opportunity employer 


utpziwwwevepitueda 
— i MELBOURNE 


areers 


i 


ECOLOGISTS 

The Deparment of Biology a Appalachian State 
Universi (rebite: tp/ arw:a te 
du) sche wo Tae = 
‘pnument athe rank of ASSISTANT PROFES- 
SOR anccpurcd, one poakion enay be led by an 
tuttanding fntidte atthe ASSOCIATE PRO- 
EESSOR tak We sock Texter Schuary who Wal 
Combine exceleoce in underradanes and pata 
(ilaser) caching wich on ste each rogram 
Sprint ese havea PhD. and should Kove pon 
<ibctorl research experince and complement Ext 
ing fae Suse candies sre expected to 
teach course in thir spel al may tech ithe 
fetal logy Progra The prions we: MICRO- 
BIAL ECOLOGIST. We aw secking sn tna 
wh iene the Fke of proaryons fect 
ros, muti evdig, cc pti wl oro 
{acute wh plans, np, ex moore. The ay to 
teach general mcrbtolgy sed expen in molec 
tcolngeal vchniqucs ave reqred, Seach Chait 
Dr Je # Walker mad waereappec) 

COSYSTEM ECOLOGIST. We ae scking 30 
individual who appli experimental approsctes 
comem proces eg cena emetic 
fccchemiaty, engi mater procetng. and/or 
Efron on cm nig Re 
seach exponen atthe tare agua ete 
Siar lh bol change bloy i debe Tech 
ing eopomttines muy thai ceo eclgy ad 
fEiba dung: boyy Scar Chan De: Howsrd 
Neufeld (c-mail: neufeldhs@appstate.cdu). 

palachin Sak Unter he sh 
em Appalichian Mounti, 3 higy ranked com 
Prebemive univer and 2 ember istton 
the 16 campus Uniety of North Catia Ser 
Enroing over 15,000 salem, Appaachan Sta 
Univer acks to matin repo for excel 
len etn whe coming cars 
seach reprac, 

Te apply ara a covery, curcuam ve, 
some ttchons sh racers ol ening ere? 
Plilophy, and contac information for at se the 


references (name, addres, telephone, e-mail aldeess) 
‘Chair, Ecologist Search (specify which, posi 
tment of Biology, 572 Rivers Street, 
NC 28608, 


tion), Dey 
Appalachian State University, Booné 
ketone apheations accept 
Positions will remai 


State Unienty en Afinmatve Action’ Esuat Oppecenity 
Employer Wegmans we enue apply The 
Unerity aid Deptt ae cnet oe ier. 
sy and wekome appa fon moor of minsies and 
tnnlenereewted vines 


CELL/MOLECULAR BIOLOGIST 
Fordhais Universicy 

lndividals ae insted to apply fr a eenare tack 
postion at the ASSOCIATE PROFESSOR leve 
he Department hasan active research progam and 
proalseuo pl a, se thea 
Ady and competitive las apd bene rcterence 
wel Be given to candidates who pomess experi in 
the are of call/molecule ology, an havea on 
ig gran supported reach efi under Can 
SUSE ith recarch ocean in miclecdar Roy, 
stem cell, cancer, development, or gence dueses 
fre parca encourage to apply The appointee 
‘villbe expected to esabinh an active rexcarth peo 
tram and partipute tn teaching atthe wraduate and 
{indergraduate fees. Pkse subs curculim vta, 
two repins, ahd the names and arenes of these 
felerences by January 3, 2008, to. De. Wiliana B. 
‘Thornhill, Char, Departmene of Biological Sci 
coves, Fordham University, Bron, NY. 1D458. 
Fed hued, Cae say theo 
talon ht elmer apices om mon a once of 
‘ewe hackgnd: Fed as Aft satin ped 
Opprty Engle 


326 
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The Department of Biomedical Engineering at 
the Univensty of Michigan College of Engineering 
searching for new faculty postions in biomechanics, 
biamedical optics, neural engineering, in vivo imag 
ing. and stem cell engineering. Applications in these 
areis are of particular interest but applications in all 
Grex within. biomedical engincering. will be con: 
Sidered. Successful candidates will join 2. vibrant 
bioengineering community with strengths in bio 
materi, biosemon, tissue engincening, biofhud 
mechanics, microfluidics, biomolecular engineering, 
biomolecular devices, bioprocess technology, bio 
medical imaging and optic, ncural engineering, 
bioMEMS, and micro/earo biotechnology. Qual 
ications include an eared Ph.D. in engineering oF 
4 physical scicnee related! bscpline and demonstrated 
‘acellence in and commitment to teaching, research, 
tnd schaanhip. We seck candidates who will provide 
inmpiration and le in research and contitute 
ately to teaching, and are expecally interested in 
‘andiddtes who an cantibete, through their research, 
teaching, and/or service, to the divert and excel 
lence of the academic community. The University of 
Michigan is epomine to the mes of al eaeer 
families 
‘Applicants should send a letter of interest with 
‘curriculum vitae anal a lie oF references to: 
Biomedical Engineering Search Committee 
Biomedical Engincering 
‘The University of Michigan 
1107 Carl A. Gerstacker Building 
2200 Bonisteel Boulevard 
‘Ann Arbor, MI-48109-2099 
E-mail: bauschl@umich.eda 
Ae Kgl Opporeinay Armatve Acton Employer 


‘TENURE-TRACK FACULTY POSITION 
University of Maryland, Baldmore 
Department of Biomedical Slences 

‘The Deparimeet of Wiomedical Sconces, Usiver: 
sis of Martand, Baltesore, ives appiatons fora 
tenure ak onion clear ctr 

PROFESSOR lel ae ensouryed; however we 

Sill ako conser appicions fom enor see in 

‘estigators Applicants mae have 3 PD. degre (or 

‘Sytsknn) ih training a proctor esperace 

in'molcoular and call Biology: Sucrente span 

Wil hive 4 record of euttanding roca ccom 

plsbncie aod an active recarch program Preerece 

Sil be given to applies wath an interest mo 

Kr ew cero ining ta, 

leceeely feel reach propien tr 2 Sa 

tse wo the Drm tech fa ener 
fsclaicnt, progreaion, and axtaans. The in 

‘Sita iing tha poution wil sho be cxpeaed 0 

Frcate i, prefenienal and grate snes ed 

Scns taining progens, The saccofil pyre 

‘rile escach patina new state-of the at iy 

(tah sce to aia fics aod eaources for sl 

inal timorigenichy studes Member of the De 

portent ay Become members ofthe Gavencbsern 

Concer Center atthe University and interact with 

basic and clinical cancer oracce Leos = 

Simp Applications wil be accepted antl 

fons Mat Sad artes sean 

‘carcer objectives, and the names of at least three ref 

‘rence by oul cre naw Jy Penning, ema: 

2d, Coordinator, Mo: 


lecular and Cell Biology ‘Committee, De- 
partment of Biomedical Sciences, University of 

|, Baltimore, 650 W. Baltimore Street, 
Baltimore, MD 21201. 


POSITIONS OPEN 


GUTH AILToREESOE 
ae 
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fees ere ieee as, 
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ete Ss eer PUES 
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ere ne Meh aot Bec tt 
a al ae sae ene, 
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coher e lnpee po 
eal nieeadigr peppers 
lye hte eepe eon 
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a eet ae) 
peep ilar piercer 
Ena pea roepelepetor 
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‘see website: hetp://ymb.montana.edu) and submit 

Cann ui Cag Veeny Meir logy 
‘Reodane/ all Profesor Facaty Ser, Mowtaas 
‘State University, Screening will begin December 3, 
2007, and continue until a suitable candidate is 
dentiéed, For questions contact David W. Pascual 
(e-mail: dpascual@montana.edu, telephone: 406- 
Soars aera a afte oe! 


Veter’ Pernt 


ASSISTANT PROFESSOR/ASSISTANT 
CURATOR. 

(CHT HYOLOGIST/TENURE-TRACK) 

Deparment of Biological Sciences/Muscum of 
[Natural Science, the Department of Biological Sc 
fences, and the Museum of Natural Science at Lou 
‘sina State University (LSU) invite applications for an 
Asstant Professor/Assiaant Curator (Ichthyologist/ 
TFenre-track) position. Required Quakications: Ph.D. 
‘or equivalent m biological sciences or a related field; 
‘sratoral experience ina esearch callection, Addition | 
I qualifications desired: research foous on the evoht 
tionary Wilogy offs; postdoctoral experience; strong. 
background in the development, management, and 
the of mineum collections, Responsibilities: develope a 
strong, competitively funded research program; teaches 
fone course per year; directs graduate students; <u 
fates LSU's ichthyology collection. Visit websites: 


jology-tsu.cdu and http://www. 
Se erated inbeaeeeetS 
‘affer of employment is contingent om a satisfactory 
{reciplament bachyrund cc. Application dead 
inc is November 30, 2007, or until a candidate is 
sclected. Send curriculum sitse (including e-mail ad 
drew), statements of rescarch and teaching interest, 
nd the names and contact information for three 
references tr 


Department of Biological Sciences 
'202 Life Sciences Building. 


LSU ica Equal Opponmity/Equal Acces Employer. 


ww sciencecareers.org, 


John Innes Centre 


Tenure Track or Tenured Project Leader in 
Biomathematical Modelling/Biological Physics 


‘The John Innes Centre (JIC) is one of the world's leading 
Not-for-profit research institutes (http:/www.jic.ac.uk) focusing on 
plant and microbial science. The institute presently has a thriving 
department of computational and systems biology, consisting of six 
groups in modelling and genome-based informatics. The department 
Is an ideal location for biomathematical modelling, offering close 
links to JIC's world-leading plant/microbial experimentaists. As part 
of the department's ongoing expansion, we are now looking to make 
‘an additional appointment in the general area of biomathematical 
‘modelling/biological physics. The open position is @ pure research 
appointment with no teaching and with very limited administrative 
duties. The successful candidate will be a creative, high-level 
researcher in an area of theoretical systems biology/biological 
physics relevant to JIC's overall programme and with demonstrated 
abllity to provide scientitic leadership. The post holder will be 
expected to build his/her own research group through external 
funding. Depending on the candidate, appointment is possible 

at either tenure-track or tenured levels, at up to the equivalent 


A strong start up package including salary for a permanent Research 
Assistant and an allocation for consumables, equipment and travel 
Is offered, together with 2 continuing programme of professional 
development. 

Starting salary will be in the range £36,500 to £41,800 per annum 
depending on qualifications and experience. A higher pay band may 
be offered to an exceptional candidate. 

For more information and to apply, please visit our web site 

http: /jobs jic.ac.uk or contact Human Resources, The Operations 
Centre, Norwich BioScience Institutes, Norwich, NR4 7UH, UK, 
01603 450462, quoting post reference 1001664. 

Further information can be obtained from Susie Death 
(susie.death@bbsrc.ac.uk). When applying, please include 
statements of current and future research plans (no more than 

2 sides A4 for each) as part of your application. 


The closing date for applications will be 9th November 2007. 
The Jahn les Cate a reitre chanty 10223852) rate by te Bilectnaogy 


Of full professor level 


and Bidogca Sciences Reser Counc an san Equal Cppntnis Emploe. 


Postdoctoral and Research 
Scientist Positions 


Postdoctoral and Research Scientist Positions 
are available at Texas A&M University, Col- 
lege Station, for NIH funded 
study intracellular lipid trafficking, nuclear 
regulation (PPARs) by dietary lipids and 
lipid binding proteins, and/or the role of lipid 
binding proteins in fatty acid and cholesterol 
trafficking through membrane domains rafts 
taveolae, The projects will employ recombi 
‘nant proteins, overexpressing cell lines, and 
‘mutant mice overexpressing or ablated in fatty 
id, faty acyl CoA, or cholesterol binding 
proteins. The lab is equipped with state-of 
the-art instrumentation for clucidating protein 
structure as well a ligand oe protein interac 
tions in vitro(CD, fluorescence, stopped-ow, 
FRET) and in living oe fixed cells (confocal, 
‘multiphoton, and lifetime imaging: FCS; 
FRET), The ideal candidates should be self 
driven and motivated researchers with experi- 
ence in biochemistry, molecular biology, oF 
ther biological discipline. 


Qualified candidates should send their 
curriculum vitae, including contact infor- 
mation for three references, to e-mail: 
fechrocdericvm.tamu.edu o¢ to: 

Dr. Friedhieim (Fred) Schroeder 
Department Physiology and Pharmacology 
MLA66 
‘Texas A&M University 
College Station, TX 77843-4466 


VCU 


rginia Commonwealth University 
TENURE-TRACK FACULTY POSITION 
Chemical and Life Science Engineering 
The Department of Chemical and Life Science Engineers the Schoo! of Engineering 
at Virginia Commonwealth University (VCU) has a tenure-track faculty opening a the Associate 
devel starting inthe Fall of 2008. Chemical and Life 'VCU represents the 
trond, formal interaction ofthe disciplines of chemical engineering with ie and health sciences 
to create a forwant-locking. nationally distinct program. Many ofthe Life Science areas at VOU. 
enjoy tational rankings, including those in the medical sciences, biological sciences. and 
“environmental life sciences. The new School of Engineering formed i 1996 has embarked on a 
“25 in 25" native to become a top 25 program in 25 years. Notable facilites include the new 
120,000 aq ft Schoo! of Engineering building. the new Trani Cente for Life Sciences, the Rice 
Ingitute for Environmental Life Sciences located along the sta plain region of the James 
River. and VCU's Medical School and Hospitals. Curent research aeas in CLSE inci stem 
call and stem-cell derived tissue enginccring, celular engineering and signa pathway anal, 
iological systems engineering, bwoinformaics and biocompating. genetic and protein molecular 
ceginecring, small molecule and celular based therapeutics, reaction engineering and molecular 
tranypor. advanced palyineric micrials and proceting methods A new research Insti for 
‘Health and Life Science Engineering and a new Phase Il Engincering building expansion will be 
pen in 2007-2008 that wil greatly expand and enhance research and education capabilities nthe 
ie science engineering areas. Candnates must have camed a Ph.D. ad at least one degree in 
Chemical Engineering or Bioengineering or closely related discipline. 
Outstanding candidates should submit a complete curriculum vite, statement of 
teaching interests, and a list of Tour references 
and Life Science Engineering, Virginia Commonwealth University, 601 West Main St., 
Room 403A, P.O, Box #43038, Richmond, submissions are 
acceptable by * pl files only please to: jbachrei@veu.edu 
(Candidates must be eligible for employment in the United States by indicating their citizenship 
Cr visa status. Review of applications will contin until he position i filed 
VCU is an Equal Oppornunity Afirmatve Acton Employer 
Wien, mincrites and persons with disables are strongly encouraged to apply 
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"TENURE-TRACK HARD TISSUE 
BIOLOGIST /ANATOMIST 

‘The Purdue Univenity, School of Veterinary 
Malicine's Depanmen of Bac Mailed Sconces 
ted to fils potion for falls tow mon 
{shure ack ASSISTANT of ASSOCIATE PRO- 
FESSOR Pierce wil be pren a peson who 
tara Dal, McD, or equnaieetprofaonal 
epee, and a) PLD: PovedScoal cape’ 
Actred. Pederence wil be eet ines with 
ccpersecs ing recath minal wotcls Ere 
tough to scale w humans and which have bese 
‘ted to study biological and pathobvological 
Proceucs invohing ha suc blog The indi 
Sal shoul! be epable of vcbping an extramural 
funded reicarc program and of callaborting with 
individuals in dere daphne ice sare 
Talogits, ond Beets engineers Thc ind 
tal wil be cncourged to coploy the tos upto 
date ecg in orphomery /temology eon 
fo the Red of women and trio, sae 

wjocsring ropnersive mnticlne ant/or cal 
donee betoupanbiiey. The Depmtment part 
Pate in campus wide interdiscpinary programs 
et av the Clinical Di ceaory which 
Inside imetigatie re = 
tal Phenonping Laborson, the National Cancer 

vine reggmred Pundve Cancer Center, Pardue 
Univeraty Nanonsenee Program, Bimal Eng 
‘eeing and Purves Dsoery Park, The ind 
title expect to parka wi ethers to 
{cach veecinuty post anatomy fo DVM, muds 
Fanhsrinformaton i sei a webae 
svuresetpurdueedu/bma/, Appian eat 
Fab eter oF met, wakemen of pref 
fos, carr ita, the names an contact 
{roution of three’ references tor Dr Kevin 
Hannon, Department of Basic Medical Sciences, 
Pardue ‘Univesity, 625 Harrison Stren, West 
Lafayette IN 47907-2026, Fcronc seins 
to e-mail Kannonk@pordseadu in PDF or MS 
Word temic racteeged ete of eptcotens 
will begin {October 2007, and wil continue 
TJamtary 2008, or until te peniion i 
Sid Io Bl Opry Eg 
‘ton Engl Meat ted a 
some ob 


"TENURE-TRACK FACULTY POSITION in 
CANCER 
Faculty Excellence Initiative 
The Department of Pathology, Microbiology, 
ses mesic he Sse of Maa ae 
niversty of South Carolina, in partnership wit 
the Univenty’s Cur for Coon Cancer Recs, 
is undergeing major expansion, and invites applica 
tions fr atone tack ASSISTANT/ASSOCIATE/ 
PROFESSOR postion in canoer research, Preference 
will be given wo candidates with expertise in colon 
ance, Candies must have x PRD. MD: 0 
equivalent with post esearch eaperience 
‘Cinidites for Amoate/ Profesor postion shoul 
have current extramural funding. Competitive sal 
ary and startup funds are available. Candidates are 
expected to develop a strong, extramural fund re 
search program, to participate in the teaching mis 
sion of the Department, and to be jointly appointed 
to the Center tor Colon Cancer Research. Infor 
tion on the Department of Pathology, Microbiology, 
and Immunology can be found at website: herp:// 
athmicro.med.sc.cdu, while that foe the Center 
for Colon Cancer Wesciech, is at website: hetpe// 
swww.ceerscedu. Intersted appbcants sos 
‘it curriculum vitae, a statement of research plans 
and three letters of recommendation to the: 
Search Committee, Department of Pi Me 
qobilogy snd Immunology, Univesity of South 
of Medisine, Columbia, SC 29208, 
or emai: feicancer@gwamed.sc.edu- The seh wil 
rt immediatly and cota a te poston is filed 
sum an Equal Oppo /ARimative Acts 
ployer, exwnages spit faecal minis, and 
fs ropunine whe neds of dakar couples 


328 


12 OCTOBER 2007 VOL 318 SCIENCE 


POSITIONS OPEN 


G...... 


‘Central 
Florida 
EACULTY POSITIONS in 
BIOINFORMATICS 

te Bumatt School 0 
the School of Electrical Engineering and Compater 
Science seek outstanding new faculty inthe area of 
bicinformatcs relevant to baomedkal sciences for 
nine appointment. Soccel canlidates should have 
hn actne recarch progam rlsial s0 Kitnformatcs 
Sd experience in some spect of tis fd such a 
Computational genom, regulatory genoesin, nih 
fle acid sequence anahss algoridues, population 
feneticn, computational peotcomis, biological path 
Says, structural genomics, oc biological data min 
ing. Successful applicants ae expected to establish a 
‘well funded rescarh program and contnbute w grad 
tite education. Faculty at any rank wil be corsidered 
fd exceptional candidates can be eonsidered for 4 
Provost’ Research Excellence Professccship. Com 
fettive slanes and startup funds as wel av modem 
Fearch fics will be pried: collboration be 
‘tscen the van ns are actly encouraged, 

The University of Central Florida is committed 
building 1 bientormatcs rexearch and graduate el 
‘ation program inveding collaboration between the 
College of Medicine, the College of Science, and the 
College of Engineering and Computer Soence 

“The Univenity of Central Honda has over 48,000 
students and. an outstanding technology-based in 
Feasructure. Ic is ated in Orlando, a dynamic and 
Pprogresive wictropolitan region, and a major paver 
te igh tech industry, adjacent wo a top-ranked re 
scarch park ad a great place to lve and work 

Review of candadotes will begin on November 30, 
2007, Mase sem curiculum sta, 4060 page su 
inary’ of research Hans, andthe names and contact 
information of three or more references wo: Chale, 
Bioinformatics Search (emai, bomedémeai uc. 

4000 Central Florida Boulevard, HPAII, 
5. University of Central Horida, Orlando, FL 
32816-2360. 

The nent of Cand Ford a Eqad Oppoauity 
Equi ces, and Aime Act Employer. Ass manor 
‘fhe Fonds Site Cnty Spa, pyc mara 
Sia elton pes ar arabe for prone 


ASSISTANT /ASSOCIATE PROFESSOR 
Molecular and Cellular Biology 

The Department of Biological Sciences ia Ded 
man College at Southern Methodist University in 
Sites applications for 3 tenure-track faculty position 
at the ASSISTANT or ASSOCIATE PROFES- 
SOR levels. The position isin meleculse and cellular 
biology (MCB). Individuals investigating aspects of 
neurobiology, development, stem ed Biology, or 
host pathogen interactions are partivulch encour 
seed aap 

Candidates will be expected to develop strong ex 
tramurally funded research programs and teach in 
their area of expertise. Compeutive startup funds and 
ignerous laboraiory space in the new Dedman Life 
Screaces Buikling will be offered. Fora mere complete 
description of our program and faites please see 
‘our website: heep:/ /wwwsmu.edu/biology/. 


FACULTY POSITION in ATMOSPHERIC and 
‘SPACE SCIENCES 
Department of Atmorprc, Oceanic, and Space 


College of Engincering, Univesity of Michigan 
‘The. Department of Atmogpherc, Oscanic and 
Space Sciences (AOSS) a dhe Univers of Michigan 
if tekiog spplcons for a tenured of tenure sek 
faculty pion, The pono isto be filed with a 
coubilee facsing on scewtic tetramiennston, 
furicular space fight hardware development, in 
Ether space sence (including planctay scence) OF 
Carth sptem science and engncering (ESSE). 
Research inert four space science uty ate 
solar hlionpherc physics’ magnctonpherc pics 
{iclading planctay’ magncioshere), magnccrpre 
eomhere coming, actonoey ant placay ain 
‘phen incur simorpheres of sll tous and 
ancray satelite). AOSS fciky member are et 
Greed clacreational, theoreti, and. computer 
Simulation sds, Over the Last ait decades fly 
Sal stl of AQSS and. Space Physics Research, 
iShortery have designed tit, own, and analyz 
‘more than 100 rocket experiment an tary 40 space 
ineruments. AOSS/SPRL iosumens are on the way 
to,orhave vised, dl plans ofthe solar sytem excep 


We scck candidates who will pride ination 
ant anti nrc al otra 0 
teaching, at are copes iserened fn eandates 
tho can contribu, though ther escach, ch 
Bial/er sence, w the dveaty and exaeece of te 
Aalanic community. The Univer of Michigans 

pone 1 the needs of dud career coups 

Tor apply, eae send an electronic copy of your 
cute fae, statement of recarh accompli 
tents ana oak, ad the fare and conta! 
Aiematin of ve references 10 Ms. Susan Grin 


Sona NOR pf 


Reviews of appli 
2007, and wil continue until the 
A eendbcimivay, Afiematve Aa 


imploy, 


‘TENURE-TRACK FACULTY POSITION 
DEPARTMENT of NEUROSCIENCE. 
School of Arts and Sciences 
‘University of Pittsburgh 
Applications are invited fora tenure-track position 
atthe level of ASSISTANT PROFESSOR starting, 
tember 2008, pending budgetary approval. Indi 
als whose research isan the area of molecular and 
ccllular neuroscience are expecially encouraged to 
Spply. Colla interactions and collaborative research 
are widespread within the Department of Neurosc 
nce (web sew neuroscience pitted 
and actos the extensive neuroscience community 
found in Putsburgh. Our integrative earch environ 
iment & excmplited by the Center for Neuroscience 
at the University of Pittsburgh (CNUP: webs 
‘coupancurobio.pittedu/) and the Censer 
or the Neural Basis of Cognition (CNBC; websit 
hnep://www.enbeccmuedu/), which bridges the 


Chnhdacs TSoe RRNA cM ae 
scot of rscath pla, and Hee ken of recom 
fowton Mole and Cllr Bisogy 
Scart, Department of Biological Sciences, Sout 

mm Methodist University, Dal, TX 75275-0376. 
itn pel sm 208 Teme lo 
Sderation for the pension, the aplication mint be 
postmarked by November 13,2007, bat the Comm 
tice wil entinue to accep apphcations ntl the 
Pnkion & fll. The Commiice will nou app 
xn of ts erployment echo afer the pion 
Sid SMU nove daria te ha fa 
wim, waked sige, sx ge lyon sa 
‘SI een eat teh gf ral 


he neeroeneaars 
Saromrocenrens 
Sameer 
rn 
lamas, a biefatrement of aca actnpents 
peat eae 
Sipiante nies 


www sciencecareers.org, 


Pathobiology 
The Center for Biosystems Research (CR) invites applications fora tenure- 
track faculty position atthe Assistant Professor level in pathobiology of 
multicellular animal systems. The eenter'sinterests in pathobiology include 
‘uses, symptoms, or progression of disease, as well s response and repair 
mechanisms. The positon will be available by Fall 2008. Applicants sbould 
have strong research programs thataddress fundamental problems related 10 
biotechnology. Attractive areas of research include, but are not limited to 
the study of regeneration, wound healing, stem cells, neural degeneration, 
aging, cellular trafficking, model systems for human diseases, and host. 
pathogen ineractions. 
CBR is one of four research centers of the University of Maryland Biotech 
nology Institute (http:/www.umbl.umd.edu/—ebe/) and is located on the 
‘campus of the University of Maryland, College Park, which is inside the 
Washington, D.C. beltway and in elose proximity to the NIH, FDA, USDA 
and the 1-270 technology comridor. 
The investigator is expected to establish an extramurally Funded, independent 
research program within the setting of a intrdiseiplinay research institute 
‘on lige univeesity campus, For full consideration submit current curriculu 
Vitae, summary of research activities and future plans (ll in palf format) and 
arrange for hee letters of recommendation tobe sent to: Pathobiology Pac- 
ulty Seareh Committee ~ Position # 300037; cbrsrehizumbi.umd.edu 
Review of applications wil begin November 16, 2007 and continue until 
the position is filed 
UMBI is committed o Affirmative detion and Equal Opportunity 
Employment As required by the 1986 Immigration Act, applicnts 
should be prepared to prevent acceptable doctmentation showing their 
Identities, their US. citizenship or alien status, and their authorization 
to work in the United States. 


Department of Health and 
Human Services 
National Institutes of Health 
Office of AIDS Research 
Health Scientist Administrator, 
GS-45 


The Office of AIDS Research (OAR), a component ofthe Office of the Diree 
tor of the National lastitutes of Health (NIH), isespanding and restructuring 


The OAR is seeking applications from exceptional scientists to join a 
ted and dynamic staffto help guide NIM effoets i this critial area of 
vention research. OAR has the responsibility for a broad range of 
anaing budgetary legislative, and public policy matters relevant 
to the conduct and future development of AIDS research atthe NIH, includ- 
ing its programs, polices, and operations, 
The individual wil serve as the principal advisoe to the OAR Director on 
mierobicide research and will also serve as the Chair of the Trans-NIM 
Microbicide Research Coordinating Committee. This new positon will be 
responsible forthe direction and management of OAR’s Microbicide research 
planning, budget, evaluation, and policy activities though the establishment 
and maintenance of working relationships with other government and non 
govemment organizations 
Applicants must bea US. ctizens, andhavean advanced degree(M.D., Ph.D, 
‘or equivalent) in an academic field of the health or pertinent sciences (ie 
‘biochemistry, molecular biology, physiology, etc) allied to health oc healts- 
related research. This position ts located in Bethesda, Maryland. The salary 
range is $110,363 -$143,47 and a full package of benefits is included. 


AA detailed vacancy announcement with the mandatory qualifications and 
application procedures ean be obtained on USAJOBS at www.usajobs gov 
(dhamunecetcn umber ODT 208530) an the NIU Wel Sac ar Bape 
Jiwww.jobs.nih.gov. Questions oa the applications procedures may be 


‘Addressed to Nneka Ukpabi, 301-894-8331. Applications must be received 
‘by midnight castem time oa November 1, 2007. 


The NIH is an Equal Opportunity Employer. 


Skirball Institute of 
Biomolecular Medicine 


Ity Positions 


The Skirball Institute and the Kimmel Center of 
Biology and Medicine at New York Univer 
School of Medicine invite applicants for tenure-track 
positions at the assistant, associate or full professor 
level. We seek applicants with an exceptional record 
of achievement to join our existing programs in 
Molecular Neurobiology, Developmental Geneti 
Structural Biology and Molecular Pathogenesis, 
These programs are interdisciplinary and reflect 
strengths at NYU’ hool of Medicine and College 
of Arts and Sciences. Special priority will be given to 
applicants with broad interests working at the cutting 
edge of mammalian genetics, stem cell research, 
neurobiology or molecular cell biology. 


NYU School of Medicine offers excellent resources 
to support new faculty, including generous start-up 
packages and core fa ng, 
proteomics, mouse molecular genetics, genomics 
and structural biology. 


ties for cell sorting, ima 


Successful candidates are expected to initiate and 
maintain vigorous. independent research programs 
that will enrich and be enriched by the highly 
collaborative environment at the Skirball Institute 


and throughout the NYU research community. 


This is an el 


tronic application proce 
applications will be accepted. Create your a 
packet by formatting it as a single PDF document. 
Use the following page order: (1) Cover Letter - 
indicating Program preference, (2) Curriculum 
Vitae, (3) Research 
Email application packet to 

skirballsearch@ saturn.med.nyu.edu, 


lement, 


Three letters of reference should be sent independently 
to: skirballsearch@ saturn.med.nyu.edu 


New York University School of Medici 
founded in 1841 and is an equal opportunity 
affirmative action employer, Women and minority 
candidates are encouraged to apply. 


http://saturn.med.nyu.edu 
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POSITIONS OPEN 


ASSISTANT PROFESSOR TENURE-TRACK 
POSITION in BIOPHYSICS 
Integrative Moleailar Life Sciences and Biophysics 


Department of Physics and Ast 
rent of Physics and Astronomy 
Daivensity of Deaver 

‘The Departments of Biological Sciences, Chemis 
tay and lochemistry, and Physics and. Astroncmy, 
370 rmiog tho lent pated Molocoler Lik Sciences 
Sha Biophysics (ISLS) Program which will include 
3 mulidepartmental gradkiate program with empha 
jc in neuroscience, biochemistry, biophysic, and 
Uoinformatis, Ar the curren tine five nemare tack. 
positions are allocwed for this iniative with two of 
{howe postions already fled tx spring 2007, 

‘As part of this Initiative, the Department 
Physic and Antocceny at the University of Deaver 
inves applications fr a. teture-track Awtaant 
Profeuocthip beginning September 1, 2008, in areas 
Of computational oF cperimcatal blophjics. A 
Special eoaphate wl be ghren to cansidats Wich Fe 
‘arch interests in cell signaling, tansport phenome 
tha asociaed with proteins and membranes, prot 

tional dynamics and folding, peur pyscs 
mpkaky /ectwork artem dynamic. 
"The aces candidate will havea B.S in payscs 
and PhD. In blophiplcs or rebted dicipline, wil 
dEvebp an extramucaly funded reieweh progam, 
wil afeiseundraate arl gat esearh, 
Soe wil teach undetpraduare and graduate courses” 
‘Applicants wil primatly be expected 10 support our 
‘neal pysict minor and ether iterdecipinay 
programs, The Department offers depres through 
the Ph.D. individuals with postdoctoral experiance 
argu cured 0p 
Pplicants must apply through wel 
ujobeoeg Te application should BERS 
=m ta nee eh 
ing philosophy and research tnterests, Under 
plese send two recent publications and 
three letters of recommendation to be 


Integrative Molecular Life Sciences and 
Biophysics Facalty Search, University of Denver, 
ysics and Astronomy, Denver, 


Department of P 
co t30 1 
ill, The Unventy of Do 
the dey oft fay cd sf and ery specs 
fom onc, mili pole ih deabnte, of rum 
‘DU tan ia poe Oppo / Anat As 
ape 


‘THREE ASSOCIATE/FULL PROFESSORS 
Cancer Biology 
Indiana University, Bloomington 

As part of an overall espansion in ki 
(website: lifesciences, 
University, 
develope Biology Research Program 
{in partnership with the Indiana University (IU) 
School of Medicine, We seck to sil three tenured 
Positions at the Aswociate or Full Mofesor lve 
Qitcexafil applcants must have 4 Ph.D, MD. oF 
MD/Ph.D. and temonsrate a strong record of 
Tescarch endeavers that will strengthen exiting tes 
‘vith the National Cancer Institute designated Can 
er Research Center ofthe TU School of Medicine 
Siccesfil aplicans will have a well-established, fl 
erally funded research peogram in bac wana 
Gional research, Candidacy wil be auociated with 
bnochemistry, ology, or chemistry within the Col 
leqe of Ams and Stences sl/r with Medel Si 
ences within the IU School of Medicine, Fall reve 
‘of appeaions wll commence October 18,2007, and 
ntiate al the thre peti are filled. Ung 
“abe sent to Seach Commie a mall: cect 
{ndiana.eda. Applicant should send curciciim ¥ 
‘Ge and research and teaching statements 363 single 
PDE ile 10 email: cancerdi@indianacdu. Adi 
tinal materials may be maled ur Cancer Biology 
Search Committe, Myers Hal, Indiana University, 
Bloomington, IN’ 47405. 

ind Caeiy & an Epa Opperinty/Afimaive 

‘Acs ope eet en has mee ph 
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UNIVERSITY OF CALIFORNIA 


UCRIVERSIDE 


FACULTY POSITIONS 

Department of Bioengincering 

Bourns College of Engineering 
The Department of Bccaginecring ines appl 
cottons for eenre track and sic lvl postions 
tooleeulr and cellar bioengineering, iow eng 
muy, asco Bielogy, mmm ppclogy, dows 
‘lxign an elivery, benimaging, and biocerapt 
font Secreatel sprees Sheed bate « doteral 
Aicgre and are expected wo complement the highly 
tmothatel sprit of the bineinecring fcuk by 
Stilishing a leading. intendscplinary innovative 
revearch cor while prowling signin contribu 
tons to teaching, and profesional serie. Jomt 
appointments with the Mural Scence and Eng 
necring (SSE) Program and sher departments ae 
posite and encouraged, The MSE Program is 
Irate and interdcipbnary, compried of 20 
internationally recopaized.parscpacag, faculty 
members who curently emphsize niniteebnckgy 
nergy, and biomaterial ace website: hetpswww 
‘ngriuceiedu mse. Saar levels wl be comp TaNTE 
SF oe ces ole 
fences For more information plea vit webrite: 
rw biceng.wcr.cdu Application review 
ae on 57007, nd wil consione 
tnt the postions are, Te apply please reer 
and subet the requested PDF lor at webct 


POSITIONS OPEN 


"ASSOCIATE /FULL PROFESSOR 
(SHELL ENDOWED CHAIR in 
OCEANOGRAPHY /WETLANDS 
‘STUDIES/TENURE TRACK) 

School of the Coast and Bavironnent 

Lexisiana State University's School of the Coat 
aod Eatieamment is scking extereal canditates for 
the Atocate/ull Profesor (Shell Endowed Chait 
jn Oceanography Wetlands Studles/tenure track) 
position, Require qualifications: PhO. in oocscog, 
Fan, wetlind science, ecosystem ste, or related 
Sadx song research Background: exablshed re 
cont in costal systems scence with an emphais On 
interactions berocn natal and human influences, 
‘Addisonal gualifeaions desieds strong publication 
‘econ and fara funding; recent experience mentor 
ing doctoral audents Reporstitcs develops and 
tmaboaies a rigpmun exeealy funded soca pro 
igam with rdevanoe ta waland remoracon and the 
Riselaable tanngerteat of oestl eceyatens col 
luboraues fa eaulicacilnary projec wah coneal/ 
wweland scentinty mentors graduate sunents pro 
ties adder to state and floral agencies and service 
to the University. The School ofthe Coat and En: 

ronrneat has strong biological, plysical, chemical, 
Jrologcal, ecological, and weland blogeocherairy 
Programe in continent shel, exustine, wend 
formers and a trong exvronmcrel wis ocx 
fee me, ota Rober 

nbreil, Chair, Department of Oceano) 

and Coastal Science telephone: 228-578-6456), 
‘Addkional information about te Unvenity and 
Schocd can be found at wetbite: hep://wwrw ace. 
iuedu, An offer of employment if ConGngaHT Gta 


Nese cere ate/ Rodi TS 
psec 


Opporemnty/ABirstive Action Eze 


GEORGE GAYLORD SIMPSON 
POSTDOCTORAL FELLOWSHIPS in 
‘VERTEBRATE SYSTEMATICS and 
EVOLUTION 
Univeriy of Arizona 

The Department of Ecology and Evetutionary Bi 
‘logy (EE) announces three Pentdoctoral Fens 
ship postion for fl 2008, nanicd in honor of G.G 
Simpaoa’s log tenure atthe Universi of Ariz 
Simjuon Fellows are espeted to condict an active 
tesach program hat ® fadtatel an! competed 
bythe Deparment’ extensive naurd iy cle 
ten in Chiba, herpetology, orb, ad 
tmamaalbgy- "The EEN clleciows have rong 
tonic Bus onthe faa athe wohwest Uied 
Ststy mewext Mesio, the Ga of Callen a 
the Exucm Paci. The pout ae pat of rece 
‘Steamist wo wat Fsory collections on the Unt 

rity of Arizona campus and 2 new iiiative in 
walvenity informaticy and. Pontdoctoral Fellows 
are encouraged to estab research collaborations 
arth faculty tn the Deparment of Ecclogy and Evo 
Iionary Milogy- Responses of the potions 
ince teaching one course per yearn the Fellows 
tatomeeticspeily: Salary & 837,500 (depending 
tn copra) plot bench A perch spend Of 
$5,000 wil sho be included. The potions ae re 
newable frat kas too years bine on satnfactory 
Patiemance 

Applicants should submit appicton eateri 
coatittathe Unherty of Aras Homan Resoress 


web: uacarecrerackcom (hook for 
isb 15280 a ar Once oa 
‘Sfeseanh and teaching iter sn! eaperence, 
fe ten cee, tin oe ete 
we anipate reviewing apa hein 
November 18,2007 bas 


Contact Dr. Peter Reinthal (e-mail: mail. 
sonaedu), Dr. Alex (email: abadyacv@ 
farizona.cdu), or Dr. Michael Sanderson 


(email: sanderm@e-mailarizona.edu) for further 
information 


Satisfctory pre-employment background check. Ap 
plication deadline is December 10, 2007, or until a 
fandidate is selected. Complete applications will i 
dude curriashim vitae (inciding email address) and 
ontict information for five letters af reference, and 
Should be sent to: 


Chair 
Department of Oceanography and Coastal Sciences 
Louisiana State University 
Reference: Log #1052 
Baton Rouge, LA 70803 


LSU ican Equal Opportty ua Assess Employer 


FACULTY POSITION, ENERGY SCIENCE 
and TECHNOLOGY, MIT, The Depanment of 
Mechanical Engineering is seeking outstanding ean 
Altes Se a tere ack ASSISTANT PROFESSOR. 
Frstion in the fick of energy, energy technology 
Snd ener systems. The Department ts ooking 
individuals who wil contribute to the engineering 
Sf engineering scknce of monk energy ennveron 
Sateme ad processes. Topics of interes ince, but 

ited to, carbon capture in paver genera 
altemative engines, alternative fel utilization, 
ibid power trans, large-scale enengy storage, and 
imegraed power systems. Energy rated enneesng 
sence topics inchide, but are not hited toy mull 

nose simulation oF transport chenasty interaction 

fandamental of complex multiphase and reactive 
flows, intertidal proceses, ener conversion under 
extreme conditions and large-scale energy Stora 
CGanaidates mut have an earned Ph.D. in their Bld 
at the time of appointment. The succesful candidate 
i espected to teach atthe undergraduate and grad 
tate levels in mechanical engineering courses incl 
ing energy conversion subjects. ‘The candidate wil 
ako be expected to develop an oustanding research 
Program. 

“Applicants should send curriculum vitae, a research 
sesement, 4 teaching satement, ard copies at not 
foo than thrce pubiations. They should abo arrange 
for four individuals to submit letters of reeomme 
svg a thee El hs inlmation pant tee 

jeconicaly a the fllowing website: hep: // 
searci-mechemit.cds. 

“Applications received before December 15, 2007, 
wil be given fll consideration, 

MIT tat Eu Oper / Aint Aa Epo 
in acl melted bey me Spell re 
axel wo apy. 


weww.sciencecareers.org 


Gladstone/UCSF Faculty Positions 


‘The Gladstone Institute of Cardiovascu- 
lar Disease (GICD) isa renowned center of 
excellence focused on applying basic seience 
tothe problem of heartdisease. The lnstiuteis 
closely affiliated with the University of Call- 
fornia San Francisco (UCSF) and located 
in the rapidly expanding Mission Bay area of 
UCSF. The GICD shares a new building with 
the Gladstone Institute of Neurological Disease 
and the Gladstone Institute of Immunology and 
Virology, together providing rich and diverse 
basic science community 


GICD, in conjunction with relevant programs 
at UCSF, socks to expand in two distinct areas 
in order to capitalize on the emerging oppor- 
tunitics in cardiovascular science. We invit 
applications from scientists with Ph.D. and/or 
M.D. degrees who are potential or established 
leaders in the following areas: 


Cardiac Stem Cell and 
Development Biology 


Applicant should have un interest in developing 
tnd leveraging knowledge of candive differen 
tiation using a diverse array of technologies 
including use of stem cell biology. The appli- 
cant may have a background in eardiogencsis 
or in stem cell biology. Interests in gencral 
areas of cardiac cell biology or metabolism will 
also be considered. The suecessful applicant 
will also be a member of the new Progeam in 
Developmental and Stem Cell Biology and the 
Cardiovascular Research Institute at UCSF. 


Cardiovascular Genetics 


Applicant should have the skills to apply 
modem tools of human genetics toward an 
understanding of cardiovascular discase: 
cicntists studying genetics of complex traits 
{neluding, but not limited to, atherosclerosis, 
hypertension, heart failure, metabolic disonders 
oF congenital diseases will be considered. 
An established genomics core is peesent at 
Gladstone and extensive core facilities for 
genomics and human gencties exist at UCSF. 
‘The successful applicant will be a part of the 
UCSF Center for Human Genetics and the 
Cardiovascular Research Institute 


Candidates may be atthe Assistant, Associate 

co Full Professor level. Interested candidates 

should send a curriculum vitae and a brief 
jon of research interests to the fol- 
uddress: 

Deepak Srivastava, M.D. 
Professor and Director 
Gladstone Institute of 
Cardiovascular Disease 

University of California San Francisco 
1680 Owens Street 
incisco, CA 94158 
si fa glad stonc.uesfedu 


The J. David Gladstone Institutes and UCSF 
‘are Affirmative Action/Equal Opportunity 
Employers. Gladstone and the University 

undertake affirmative action to assure equal 
‘employment opportunity for underutilized 

‘minorities ancl women, for persons with 
disabilities, and for Vietnam-era veterans 
‘and special disabled veterans. We seek 
candidates whase experience, teaching, 
research, or community service has prepared 
them to contribute to our commitment to 
diversity and excellence 


Max-Planck-Institut fiir 
Molekulare Pflanzenphysiologie 


1 


‘The Max-Planck-Institute of Molecular Plant Physiology atthe Science Center Golm in Potsdam 
hhas a opening for a position as @ 


Group Leader 


inthe Department of Organelle Biology, Biotechnology, and Molecular Ecophysiology, 
The Department strives to investigate fundamental questions in plant molecular biology and 
promotes integrated research approaches bridging genetics, molecular physiology, boche- 
mistry, and evolutionary biology using higher plant and algal model systems, Applications are 
invited from individuals with a strong interest in establishing an innovative and multdiscipli- 
nary research program in molecular plant science, preferentially with 3 focus on organelle 
biology, organelie-nuclear interactions, or molecular ecophysiology. The successful applicant 
will De provided with funds equivalent to 8 technician position, @ post-doctoral grant, and & 
budget for consumables, equipment, and travel 

Applicants should have a proven track record in plant physiology, molecular genetics, and/or 
biochemist, ideally with at least two years of postdoctoral experience. The salary will be 
Bsccordag tthe Germen pubte service esl (TV0D)neluding tinge bona. 

‘The Max Planck institute provides an excellent infrastructure for modern cross-disciplinary 
training. With three Max Planck Institutes, two Fraunhofer Institutes, and @ new center for 
start-up companies, the Science Center Golm is the largest research Center in the state of 
Brandenburg, Its cated in close proxi tothe Univesty of Potdam and alo oftars fst 
accesstothe many research and educational facilities in Berlin, Further Information about the 
institute can be found at www.mpimp-golm mpg de. 

Applications including a curriculum vitae, a ful list of publications, names of three referees, 
‘anda three-page summary of current and faure research interests should be submitted as an 


email attachment to otto@mpimp-golmmpg.de or sent by mall to reach the Institute by 
So November 207 and shoud be aidessed 
fiir Molekulare Pflanzenphysic 


Personalverwaltung, Wissenschaftspark Golm 
‘Am Miatienberg 1, 14876 Potsdam 


CHAIR, DEPARTMENT OF BIOCHEMISTRY AND MOLECULAR GENETICS 
UNIVERSITY OF COLORADO SCHOOL OF MEDICINE 


The University of Colorado School of Medicine seeks applicants for Chair of the Department of 
Biochemistry and Molecular Genetics. The Department consists of 17 primary faculty as well as 
‘more than 20 secondary faculty members. The Department currently occupies over 35,000 square 
feet of state-of-the-art research and office space, primarity on the 9* and 10 floors of the newly 
‘occupied Research Complex at the new UCHSC Fitzsimons campus. Details are available at the 
departmental web site: http://www.uchse.edw/smn/bb gn 


Research programs include chromatin structure, gene transcription and translation, RNA structure and 
enzymatic activity, protein structure, protein degradation, signal transduction, cell eycle regulation, 
bioinformatics and cell fate determination. Department faculty, currently with over eight million 
dollars in federal funding, houses the Molecular Biology, Biomolecular Structure, Biomedical 
ences and Biochemistry graduate programs. In addition, department faculty draw graduate students 
from several other programs including: MSTP, Bioinformatics, and Neuroscience, 


The Chair of the Department of Biochemistry and Molecular Genetics reports to the Dean of the 
‘School of Medicine and participates with his staff and other departmental chairsin program develop 


‘ment, administration, and budgetary planning and implementation. The position requiresexcellence 
in teaching, demonstrated administrative leadership and ability, and, in particular, leadership in 
research and scholarly activity 


The University of Colorado is committed tothe recruitment and employment of a diverse faculty. We 


encourage applications from women and minorities. Review of applications will continue until the 
position i filled. Applicants should respond by sending a leter of interest and curriculum vitae to: 
John C. Cambier, Ph.D. 
Ida and Cecil Green Professor and Chairman of the Department of Immunology, 
Biochemistry and Molecular Genetics Search Committee 
ity of Colorado Schoo! of Medicine and 
‘National Jewish Medical and Research Center 
Room K803 
1400 Jackson Street, Denver CO 80206 
(303) 270-2325 
yrans@NICorg 


The University of Colorado is commited to diversity and equality in education and employment 
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POSITIONS OPEN 


FACULTY POSITIONS in TERRESTRIAL 
‘BIOGEOCHEMISTRY and CLIMATE CHANGE 

‘The Apjulachian Labortory (AL) ofthe Univer 
siy of Marland Center for Environmental Sconce 
(UMHS) Seeks evo infest fe fal ie Fcaky 
Positions a ciher the ASSISTANT or ASSOCI- 
[KITE PROFESSOR lve so enbance our stremgts 
in wert and aqui eso, landscape atl water 
‘ed ecology, and remove tens. Ecler recarch 
Sid computing facies ave avathble st AL, inc 
ing plan, sot ancl water alse Jsboatvics With 
te of the at anahrical instrumentation, growth 
Chambers and a greenhouse, The main respons 
iy of thee positions ie esearch, but UMICES fac 
Sho parcpne in graduate edcadn, outreach, nd 
Spplaion of ane science to regional (eg ret 
‘kn of Chespeake ay and global ees tand we 
hd climate change) ewironmcntal problems. We 
snl inter candes who arc inert i cls 
Dratve scary ae published i top scent jour 
‘aly and can acpite extemal funding to support 
‘hele researc, 

We me paroully interested in: (1) ffs of inate 
change om terrestrial anor aqua ecomytems, We 
feck an ECOLOGIST who applies climate change 
{its and frecats wo aren the robles of econte 
change, incidng tues sch a invasive spec, wat 
jain ‘of ecomstem pacts, ecomstem restoration, 
‘pion and a eure manage, 

i cconscen/eimate feedback proces 2) te. 
‘earl ogee in el ame landscapes, We 
feck tasting ecucher whey adr oes 
fist a cabo sequestration by sil Fores arent 
trarsiormatins deflects of lar we change ad 
{cenyitem diurance on emental yee. 

‘Aplicans should ser cumcutun Vac aatemene 
of ecarch inert; bt sion of ow the 9 
plcnt'sraearch wouk! complement ongoing esearch 
IAL/UMCES; sete epeats, an tae of four 
re (ante ling ara pn 
doa ain) cbr ie Climate © 
Arpaichian Laboratory, UMICES, 301 Braddock 

Road, Fronburg, MD 21882. Reicw of ppotions 
wil begin on Deer 1, 2007. Information aba 
AL and UMCES cin be found a webwices 


Syme ede edu / od p/w nese 
UMCES can Atimiive Asan Tegal Opporannty Em 


ployer. Wen and minsitis om sony ena a apy 


ASSISTANT PROFESSOR 
Center for Neurobehavioral Genetics 
Departnent of Psychiatry and Biobchaviora 

iences 

Semel Institute for Neuroscience and Human 

‘Behavior 
‘The David Geffen School of Medicine at UCLA 

“The Center for Neurobchavioral Genetics is sock 
ing applications for an Asistant Professor, tenure 
track, in any area of neurogenesis o behavioral ge 

incliading human genetics and model genetic 
‘organisms 

both PHYSICIAN- SCIENTISTS and BASIC 
SCIENTISTS are encouraged to apply 

“More advanced candidates nay be considered wn 
dior special circumstances. The new fcuky member 
wl be eset to develop strong and create Fe 
Search program ad Wo partipate i tein activites 
svithin the hly culate Center foe Neuro 
behavioral Genetic. 

‘Gaulidate selection wil begin December 15, 2007, 
and continue une the ponition i filed. Applicants 
Should send curriculum Vitae, a sums of esearch 
dnerests, and arrange fo tice letters of reference 
be sent tt 


Kelsey C. Martin 
(Chair, Search Committee 
c/o Margaret Chis 
Center for Neuobchavioral Genetics 
Gonda 3506. 
(695 Charles Young Drive S. 
Los Angeles, CA 90095-1761 
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POSITIONS OPEN 


ing socially consciow ctizers, i a private, student 
‘centered University with more than 7,000 students. 
Founded on the principles of inchision and social 
iuntice, Rocnevelt offers academic programm in arts and 
Sciences, business, performing ans and education 

‘Roosevelt University is secking an ASSISTANT 
PROFESSOR of BIOLOGY for s newly crested 
tenure-track position to begin August 2008. The 
specialty i open, but organismic, population, or 
‘community-level biology, physiology, or immundl 
‘ogy would complement eusting strengths. 

We effer degrees in biology, chemistry, bictedhnol 
‘ogy and Pre Professional Programs: Pre Medicine, Pre 
Dentistry, Pre-Pharmacy and Pre-Veterinary Medicine. 

‘Applicants must have a Ph.D. and a commitment 
teaching and undergraduate rexcarch, 

o appt, vi cute web 

default. hem 


vaonevelt. 
‘elu vitae onal references bere 
December I, 2007. 

‘Reser Unicity welome final, lslse, guy, hice, 
mansernil, abel, fotematonl, al mined id= 
did a aplcaefr ll pono 


ASSISTANT PROFESSORS. 
Microbiology and Molecular Genetics 
‘Section of Microbiol 
University of California, 

‘The Section of Microbiology, College of Biolog: 
ical Sciences, University of Calfornia, Davis, invites 
applications for two tenure-track. positions. at the 
level of Awistane Profesor. This is'3 broadly based 
search for candidates working on bacterial, archaeal, 
for eukaryotic systems (microbial and sonmiceo 
bial), Candidates must have an outstanding recon 
‘of achievement in research and will be expected 10 
develop a strong, externally funded research pro 
{gram in microbiology and/or molecular genetics. 
Successful candidates will be expected to participate 

‘normal undergraduate and graduate teaching re 
sponsibilities. Department faculty members. use 
‘microbial and nonmicrobial ystems to study’ diverse 
research subjects cangiog from environmental ei 
‘robiology and bacterial gene regulation to single 
tiokecule studies of pretein DNA interaction and tr 
scriptional conirol in mammalian cell. See website: 
hetp://microbiology.sedavis.ed, ity he 
laboratory space atallny, one ofthe two postions 
must commence on of after January 1, 2009, 

Applicants should submit (1) curriculum vitae, (2) 
4 statement of current and proposed esearch, (3) 
‘copies of no more than two key publications, (4) a 
‘Statement of teaching interest, and (3) arrange to have 
at leat three ltten of recommendation subenitted 

Applications will aly be accepted eine at website: 

ruedavis.edu/, Please see the 


‘While aplations wil be reviewed unl the po 
sitions are filled. only applications completed by No- 
vember 16, 2007, can be assured of fll consideration. 

The University of Caifomia is a Exual Opporanty/ 
Afionasve Aion Enployer with a stag icc cm 
imine the developmen of «climate that syppons equality 
of oppornty and a reef ieee. 


‘sil fosus on chromatin remodel 
in the repair of DNA breaks 
Tbished expertise with chromatin structure, Ratone 
tmodieation, chromatin immunoprectation 3 
Sym micro RNAs or protcin purication is required. 
[Appications to De: D. Chowdhary or Dr. B.D. Prec, 
Department of Radiation Oncology, by cml: 
‘chowdhury @df5 harvard.edu x e-mail 
‘Saindan- peesedlc harvard: pu! Opeenney 
Expl 


POSITIONS OPEN 


DIRECTOR 
Instieue of Artic and Alpine Research 
University of Colorado, Boulder 

The University of Colorado, Boulder, seks app 
cations for Dcctor ofthe Uthute of Arctic and 
Sipine Reach (INSTAAR). The succes cand 
die wll so bes tenured PROBESSOR in sn 3p 
pope academic deparinent. INSTAR reiearch 
Shute geochronology, human and ecosystem coo 
hogy, gachiogy, oceanography, nape 
Suton, togeochemay, and inte ins ange 
Sf Quaternary and modern cavionmcnts. The In 
tunes connected to seven departs, admiieers 
the Mountain Rescach Statin, and matt tes, 
Wwith fat bs including. the U.S. Geologial 
Sine, National Oceanic and. Atmosphere Ad 
tminration, and National Genter for Atmospheric 
Research The Director has primary responsibly fr 

TAAR's management, and repre to the Vice 
Ghancsor for Research snd Dean of the Grate 
Sond. Applicants shoud have an onaanding feord 
Gfacestife achievement ad leadership, ant beable 
to balance INSTAARCs soanagement wh a vigorons 
research program a 4 commatment to, paduate 
“Scat All correspondence including applications 
‘hou be sent to eal: surdin@coloradosed, Ap 
ications should include Steuer of nteret cree 
fei aga he ae eer 
Review of appications will begin on October 22, 
2007, and continue unl the pono Wiel. Sec 


‘website: hetp:/ /instaar.colorado.cdu /diector for 
ae ee STRSTR 


FACULTY POSITION in MATERIALS. 
‘CHEMISTRY 
University of California, Irvine 
The Department of Chemisty of the Univers 
of California, vine, is establishing 4 new Area of 
cellence i) Materials Chemistry with the addition 
‘multiple fcuk’ postions over the next thee years 
We thus invite applications for 3 tenure track pos! 
Shon atthe ASSISTANT PROFESSOR kel it ms 
ters chemsitry. We are seeking a Ph.D level cient, 
‘who will etaish a vigorous recarch program whore 
‘ental aii i the design ara synthesis of materials 
Sil the characterization of thee preperic, The eat 
“ates should also be commited to teach chemistry 
tthe undergraduate and graduate eve, Applicants 
thud send thee curiam vine, 2 lit of publ 
“ations, anda description of thee propened research 
Jeogram, to the: Materials Search Committee, De- 
stment of Chemistry, University of California, 
Applications may alo be 
‘electronically via the web. at_ website: 
ied. Wel sppheations shold 


= letter and the inteemation requested 
ashore Aric should abo arrange t0 have three 
letters of recommendation submitted on their be 
half. To insure full consideration, applications and 
supporting materials should be received by Nevers 
ber 15, 2007. The Uiaveity of Calis i at Equal Ope 
petmity/Afirmatve Aion mplayer commited w exedlee 
‘hea dort, and UCT ba a ADVANCE progem do 
tad 10 gender and el qty 


Burnham Institute for Medieal Research, in La 
Jolla, California, has 1 POSTDOCTORAL ASSO- 
CIATE POSITION available in the Laboratory of 
De. Jeff Smith. ‘The successal candidate will be 
trained in the basic mechanisms connecting central 
carbon metabolism in tumor genesis. Trevious ex 

Perience in metabolic modeling, computation and 
experimental dus analis, metabolic labeling, and 
imctabobte anahsis by mass spectrometry and/or ft 

dear magnetic resonance is required. Interewed, qual 

‘Sed applicants should e-mail their curiculum vitae 
including 2 brief description of research experience 
fn three to four sentences, and names and contact 
{information of three referceces to e-mail: jameslec® 
‘bumham.org. 


weww.sciencecareers.org, 


TENURE-TRACK FACULTY 
POSITION 
BIOINFORMATICS 
RESEARCH CENTER 

ites applications for a tenure 


track faculty position (all levels) in environmental microbial genomics and. 
‘metagenomics in the Bioinformatics Rescarch Center. The Center fs engaged 


the-art eampus building and a Ieading role atthe NCR 


rewwaneresearcheampus), 
Preference will be given to applicants with interests inthe study of eomplen 

jr novel computational methods Oran te 
grated approach with experimental and computational tcchniguss. Rescarch 
areas of interest include the study of symbiotic microbial communities 
with direct impacts on human health (6g. mammalian gut), the ecology of 
rnicrobial communities, and the development of new microbial technologies 
suel as biofuels, Applicants with method development incrests i any area 
‘of microbial genomics, however, are encouraged to apply. Our Center offers 
ample opportunities for collaborations with and access to wet-dabs with the 
department, University ornearby clinical and biotechnology centers. The suc 
‘essfil applicant will be expected to develop a program of original rescarch 
supported by extemal funding, and vo develop and teach graduate core courses 
{ Staistical Methods, Population Genetics or Numerical Methods. Successful 
candidates must hold Ph.D, in Biology. Bioinformatics, Genetics, Statistics, 
cra related fed, 
Applications aust be submitted onlin (https: /Jobs.unce-edu, position #1913) 
tnd should include vitae, at last three references, and a ktter of interest. We 
are unable to consider applications submitted only by mail o e-mail. For Full 
consideration, your application shoukt be received by November 30, 2007 
ough he poston wil rain open ule. Inmagic an be 
‘made tothe Search Committee Chait, De. Cyt (cgibasa unee.edu 
For edison nfomaton pas as oc webu woeiobieeatis 

weed, 
The University of North Carolina at Charloe is an EOB/AA Empo 
‘an ADVANCE Institution, 


swat -compAlil Bi COMPANY 


TevinonMenT IMPACT 
YS agitiry 


BREATH 
Focus ‘OPPORTUNITIES 
‘GLOBAL REACH 


EMPOWERED 


big-company impact 


Discover the many small-company environments 
behind the big-company impact 
of the Johnson & Johnson companies. 


find more 
.com/careers 


Director 
Vacaney #46701 
Institute for Interdisciplinary 
Coastal Science and Policy 


ast Caroling University seeks in indivi to ovence the developenent sed! 
‘management of the new tastkae for Ine 2 

{AICSP). The new initute cn 

ICMR), the PAD Program in 

Office 

1.6 milion, inciading 13 faculty (7.5 FTE. 3 expansion ponthim cuerdly 
‘cant, 9 office und support sf, feet of 10+ researc vessels, $311,000 i 
radiate ussisanihip fs, and operating funds of abou S1S0.50009r The new 
frst will serve asa multiscphnry focal point, desing broad sappet from 
‘over 70 faculty members a8 core department rom 3 clleges and forge ater 
tioms with other insitutes und universities, including the UNC Coastal Sundis 
Tssilute(htip/esinorthcaruina ed), 


“The goal ofthe new insine is enhance understanding of the complex itera: 
liom het cen human behavior sed cassal maine environmen reseuces and 
draw on this undersunding to develop sound pubic policy. The inti wi 
cts is research the interface betwen 4 we: csttal & estuarine coo 
‘asta geosciences, social scicnoe A cual poly. and marie studies THe 
‘ew dcctor wil guide & planned expinsion that wil dat ast 3 new faclty 
Pstions to frther the insitutes goal of fostering an itentnciptinary caveen 
trent focused on costal ese. Salary will be commensurate with quaications 
‘Minium Qualifications: Confidtes mint have the credentials, expericace se 
fchicvements approprte forthe appoisiment i the Fall ce Assisi Profesor 
‘Evel, incuding 8 PhD ip an area closely related Wo the Scope of the iste, 
experiance inthe devclopment and admimtcraion of each) programs, 
fn! an estalished record of externally supported research an pubicaons 
Screening will begin October 21, 2007, and comtnse ual the poston is fled 
Please submit a candidte profi, leer of interest curent cumulus Vita, aed 
‘he nares an contact information of te references 0 
East Carolina University 
Department of Haman Resources at 
‘wwvjobsccued 
Equal Opporanity Afirmatve Action Employer 
View complete jb description requirements at 
‘ht ps/ecu.peopleadin.com/applicantCentral?quickFind=S4629, 


4 RUSH UNIVERSITY 
WW MEDICAL CENTER 


‘The Department of Dermatology at Rush University Medical Center 
is seeking two nationally recognized senior research scientists with 
interes in skin cancer. Applicants should be accomplished investiga- 
tors (Ph.D. M.D. or M.D. /PhD.) with current federal grants and a 
proven tack recordin basic and or transitional esearch. The success- 
ful candidates will join an expanding faculty within a large academic 
healthcare system, The researcher will play a critical role in directing 
and expanding research activities in the Department of Dermatology 
and have an opportunity t0 collaborate with other national, and inter- 
nationally recognized investigators in cell biology, genomics, and 
proteomics at Rush, 


Rush University Medical Center servesa large clinical base throughout 
‘Chicago land. Thete are outstanding clinical peatice and laboratory 
facilites on campus that perform stat of the art molecular and cellar 
biology techniques. flow cytometry, proteomics and genomics as well 
asbiostatstial support services, Animal laboratory facilities include 
areas to perform medical and surgical procedures. Laboratory space and 
appropriate start-up package forthe researcher wll be provided. Rush 
University Medical Centr isthe primary clinical and hospital teaching 
campus forthe Rush University Medical College. Academic appoint- 
‘ments will be commensurate wit qualifications and experience. 


Interested candidates should send a copy of ther curiculum vitae, eter 


addressing their qualifications and alist of 3 individuals who ean pro- 
‘vide references to: Michael D. Tharp, M.D., The Clark W. Finnerud, 
MD., Professor and Chairman, The Department of Dermatology, 
Rush University Medical Center, 1653 W. Congress Parkway, 220 
Annex Building, Chicago, Ilinois 60612. 
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FACULTY POSITIONS 
ASSISTANT/ASSOCIATE PROFESSOR 
Pharmacology oF Physiology 

The Calle of Vtciary Matinee the Univer 
sity of Gang ccking PHARMACOLOGISTS 
or PHYSIOLOGISTS for malts tenure tack 
fostions in the Department of Physiloey and 
Brmcology. Te mcceafal entire wil be ex 
peccd to cordop and waits extra fod 
Fecah proponct aed patie te nachteg far 
cog) oF fapiclogy to sires fm oo Oks 
Sinel Sod pase Wopans: Quilieenne for 
Pontos incide a PID.“ ALD. DA oF eq 
Tien degree. Exdence of research exliee wil be 
igen pony ove 9 
Scpnmenal areng 


include neuroscience, tori 

lar physiology, vascular 
endocrinology. See 
.cdu/vph, 


leater of application including 2 
plans, a statement of teaching interes, curriculum 
Vitae, and four letwes of relerence wo: Dr. Julie 


Cofficld, Chair of the Search Committee, Coll 
501 D.W, Brooks Drive, Athens, GA 30602 or 


red Full consideration. The Uinenity of Gavia 
Equal Opporrity/Atfimive Aciow Employer 


The American Chemistry Council (ACC), a 


ogram. The LRI isa 
nnsors an independent 


in 2007) that ad 
‘ssesnment ofthe health 

ela dca aking by 
fovernoent, industry, and the publ. The peimay 
tines are wo (1) serve athe ead for several Reuse 


for ropoul (RM) Teams, which develop and imple 
ment MPs via a competitive prose; (2) perform 
senior level administrative functions rebated to rescue 
ces and research contracts; ana! (3) provide outreach 
and communication about the program. To learn 
details about the pen 
ton, and application instruction 
Inetp:// www americanchemist 
btni/ /ws amerleanchertiery com/l, ACC 


ae 
CBES 


‘TWO POSTDOCTORAL POSTIONS 
at the University of North Carolina at Charlotte 
(1) A dynamic and self:motivated Postdoctoral 
Fellow is invited 10 join the Engincering of Bio: 
logical Devices and Materials Laboratory within the 
Center for Biomedical Engineering Systems (website: 
CBES.unce.edu) in Charlotte, North 
Corona ithe ares of oxygen transport within liver 
tissue equivalents. The succesful candidate will be 
able to integrate knowledge of tissue culture, flow 
device design, and computational modling (Sor 
transport analysis and property peadication) into 
research on improsing liver function through media 
land ethanl concentration manipulations. A Ph.D. 
in biomedical engineering, mechanical engineering, 
fr hersal ener sree 


Set eigenies comes van a ary Go 
tamnent twank uk. Face eal and writen 
“tmmanicnion ai and an ah to woek Wein 3 
Scibbertve rocach atmenphere are excel. The 

Coe ea, vaca ith the 
f Cucrion based perrmance. and 
Fring naib. Applicaton (al curd vise, 
rocarth sumenay, abd the cotact infomation of 
the eee ul som to ema 
“AUT Ae cothusintic Pouactoral Fellow is int 
wo join the Orthopedic Tisuse Engineering and Bs: 
tmateruls Laboratory wahin the Center fir Bu 
mata Eagan Sm ns sti 
‘ating orthopedic meal implants with 2 newly 
igi Uoctumie The mtn candi ot 
hive strong interests i buocerami, meal coating, 
and sure analsex A PhD. in mates scence, 
‘hmica enginecring, mechanical crginecring, of 
tNoengaccring i ruined with demonurating ex 
periene in coating ceramic On ttle by tro 
Phoretic depodtion or other techniques, cauation 
Seam tl aie rata ea 
Ialible immeatchy, supported by 4 two sear ia 
‘oral grant: We ole eompetkive compensation, 
cling research profes, and dynamic interdac 
plnary research envionment in ‘Chalote, Now 
Craa Applkaion (Sl curd se, scar 
somaya the coat oration of de 
reer) dull he sent email arches. 
{Ses The Unrouy Son Contnn of tar at 
‘gal Oppresnes Eaplrr. 


POSITIONS OPEN 


‘TENURE-TRACK or TENURED FACULTY 
POSITION. The Divison of Pulmonary and Crit 
ical Care Meicine, Feinberg Schoo of Medicine a 
Nontiwesem Univenity in Chicago invites api 
Cctions for 3 fll time tenure-track or tured fe 
‘y postions atthe ASSISTANT, ASSOCIATE, or 
PROFESSOR love. Applicant should havea PhD. 
aeil/or MLD. degrec/s be Hoan ceried tn pulmo: 
tary and critical care medicine, and preferahly have 
on lokpeniat NIL Gwied ling Wobgy reach 
regen. The Deon wale to sid to sragths 
Eis inher biology, signaling, snd ocepter tn 
thon, Expertec in erapenie ocean techno 
2 a integral component ofthe rsearch program is 
Sct pn cc ia compete nat 

package al rescarch spare, Sales wil comme 
Siene caperionce. Mese seed comploe curiam 
‘ioe, a Bret setement of research ters, and names 
{three references tw Jacob L Sena, M.D., Dive 
Sion of Pulmonary and Criical Care Medicine, 
Soran Univenity 240 at Horn, Maw 
2300, TL 6061. Or emai: anc 
tontrwestenhadu Applications must Bereta FF 
‘Deer 1-007. Sear dae wll befor Fetwusry 
2008, Neth Userty i an Afimaiee Anon? 
Ege! Cppormaty Enploys "Hing 1 contigo sper 
ti ru te Ciel Stes, Ween a oases 
‘Ee oxo 8 apply. esc P1288) 


California State Universi, Fresno, is searching 
foes tenure tack ASSISTANT PROFESSOR in 
MICROBIOLOGY. The sues candidate ex 
Festal (0 devlop 3 rescrch peogramn in. current 
{rea of microbiology that involves bch undergrad 
ite ana graduate talent, and to purse the external 
Finding necessary to mista 3 succesful research 
fo onal cel ann be 
tape to teach an upper division majon cre 
Couune it Microbiology ona enational bay ad 3h 
snd and atte cna hl an 
tfespertise. An eaed Doctorate (PD.)n micro 
tology or clued field required, Strong pre 
ence wil be given to candidat wih postdoctoral 
txperience, Send competed application, inducing 
fim avaiable at website: herp /ww: cutest. 


safepe/rncaney eh pat ter, curries 
‘Siac, atements OF taching and research philoso 


hy, and three current leters of reference (dated 
‘within the last 12 months) to: Dr, Paul R. Crosbie, 


Consist Depremet of Bolg, Clio 
ta State Us no, 2555 E. 


8 Ramon 
Avenue, M/S SB73, Fresno, CA 93740-8034, 0¢ 10 


sbieweueana el telephone §59- 
Fi Fass 359-279 3963. or fall considera 


tion, all materials must be received by 5 November 
2007. Catfomia Site Vert, Fron a Bqust Opyor 
‘eney Ege, 


(Ofls 4-salay commensurate wih eaperience and 
fecellent benefits 


The Department of Medicine in the School of 
Medicine at the University of California, San Diego: 
(UCSD) in atively ceeruiting a TENURE-TRACK 
or TENURED FACULTY POSITION in PHYS- 
TOLOGY. Successful applicants will be expected to 
teach in organ physiology for medical students and 
‘maintain a vigorous program of high-quality feder 
ally Funded research in physiological sciences. Appl 
ants should have an appropriate doctoral degree 
‘Appointment level willbe commensurate with expe 
‘ence and qualifications; compensation is based on 
txablahed UCSD salary sale. Review of applica 
tions wil begin November 5, 2007, and will centinue 
‘until the postion is filled. Applicants should submit 
ceurriculum vitae, lst of publications, a statement of 
‘research interests and teaching experience including 
leadership activities and contributions to diversity, 
teaching evaluations, and the mimes and addresses of 
five references to: Physiology Search Committee, 
University of California, of Medicine » 

(0623A, 9500 Gilman Drive, La Jolla, CA 92093- 


(623, or emai: physiology used. 
Broa Ace Epa Operon Ep be 
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ASSISTANT ox ASSOCIATE PROFESSOR 
Developmental 
Universiey of California, Irvine 

The Department of Developmental and Cell Bi 
‘ology insite applications for 4 culty appointment 
in the area_of developmental biology. We are par 
ticularly seeking candilates that take genetic and/or 
cell biclogkal approaches to study vertebrate om 
Iyonie patterning and organogenesis, The succes 
fil applicant iseapected to conduct a strong research 
program and to contribute to the reaching of under 
[Eraduate and graduate students 

‘Applicants should send a lter of application, cur 
siculum vitae, three ktters of reference, and statements 
(of research and teaching interests using the follow 
ing enline recruisment URL, website: 


soc.ed foes te ace 
oa earcton eier Depeeamro et 
Pe —- 

To receive fll consideration, material should be 
received December 1, 2007. 

The Univerty of Cali, Inve i a» Exual Oppotity 
Empl serntal exis dng dery snl sey 
enpunaes apps fom al guid pple, induding 
‘tomar al oat 


ASSISTANT /ASSOCIATE PROFESSOR, IM- 
MUNOLOGY (TENURE TRACK), School of Vet 
srinary Medidine, Univesity of California, Davi. 
THD regret wh aha ang 
2k persis to het pathogen ineeation, DAVAGS 
ncotraged to apps. Demonsrated spend expe 
fence of portal eacng. Dooimentsl reach 
trond or ponent to devon spent reac 
frogram tn inunclogy. Demonstrated aby oF 
Fira in auton of exranal funding, Maa 
omen ciclers encrpenonal sod commutation 
Slsand demorewated sy wo work with other, 
ina cilia eam atmosphere, To cee fie on 
tcc, appcantocs fst be reoured by Decen 
ther 7, 2007: postion opened ue filed. Expanded 


paca ok Seetaant 
Sedavinc/pmi/P apap 


thes pasion eeence) i Dennis W. Won, 

‘Department of Pathology, Microbiol” 
ogy and Immunology, School of Veterinary Med- 
icine, University of California, Davis, Davis, CA. 
93616, Attn: Donna Roggenkamp. Afinwatie sion! 
Equa Oppetuniy Employes 


www sciencecareers.org, 


e 
g 
g 
& 
) 
rm 
& 
g 
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GENOMICS STAFF SCIENTIST 

The Center for Genomics and Bioinformatics 
(website: het: /egbsindiana.cd) at Indians Un 
\oaey ieoniageey meet RS ers caiie ee 
MIS. forthe pontion of Gencmics Set Scimt o 
joia our tam. We rece sguied high throught 
Prrocquancing techoology fmm 454/Rockes The 
({eT coasts will manly work on fyroscquenc 
inge inching tbemy comerstsion, sequin be, 
ial darn anahie Rojeat shila inchace potent 
‘gy, Bechemisry, or bioinformatic. Appsiemcnts 
wv be at the rank’ of RESEARCH’ ASSOCIATE 


3 ly wl ie aso 3 ans reaaton 
3nd prior experience. Inguiies about all openings 
Should be diested 1 e-mail ndiana. 


fu, Appcitions wil be acepted wet poston sre 
fei Fhe receive by Seember 122007, wil 
‘sour fll consideration, Pene submit cure 
lim viae and dexerpton of your background and 
interests and have hice lene of ecommendston 
‘cnt cy to dhe adres Beow. Refer w Genesis 
Sal! Scent CGI O12 in your ner leer 
Position #CG-012 
‘Aun: Genomes Staff Scientist 
Center for Genomics and Bioinformatics 
Indiana University 
TOOL E. Sed Stree 
‘looaitngton IN 47405-3700 
Arde Unie tan Aflac aon Ege Opp 
tun Rapley 


ASSISTANT PROFESSOR /CURATOR, GE- 
NETIC RESOURCES. The Univenity of Wash 
ington is seeking. applications fr a full-time, tenure 
track faculty position to serve as Academie Curator 
‘of Genetic Resources at the Burke Museum (website: 
Ihuep://www.burkemuseum.org) and as a faculty 
‘nveniber inthe Biology Departmient. Appointment ts 
anticipated at the Avsistant Professor rank. In excep 
tional circumstances, appointment at the Asociate 
Full Professor level may be considered foe ean: 
didates who have demonstrated a commitment 
mentoring urserrepresented staderas in the sciences 
Ph.D, required by’ date of appointment. University 
‘of Washington faculty engage in teaching, research, 
land service, The success candidate should conduct 
‘externally fimnded research in such areas as molecular 
systematics, evolution, or ecology’ the population 
phylogenetic level, curate, and eonteibute to the 
igrowth of tise and DNA 
iganismal collections in the taxon of the candidate's 
specialty, and ude student research based on those 
collections, Responsibilities also include “under 
igeuduate and graduste teaching. Submit curricula 
Vitae, descriptions of research /teaching interests, three 
eaters of reference, and reprints (PDE) of three recent 
publications at website: heyp:/ /wwwburkemuscum. 
rg/curator. Priority will be given to apphcations 
Feet ine Nenenter 18,8009. Te Cason ay 
ing surly dis aay al stout 


Spelman College secks Ph.D. BIOLOGISTS in 
PHYSIOLOGY fix a tenure track ASSISTANT 
PROFESSORSHIP sarin fill 2008, Succes cs 
didate is expected to teach introductory and elective 
‘courses in specialty area and establish research peo 
lgsim with undergraduate students. Spelman College 
Is the oklest predominantly blick college for women 
in the United States, Speman’s Biology Department 
is tionally recognized for training women of color 
‘rachate/protessional studies in the sciences. Ap- 
plicinss must have a Ph.D. or equivalent anid be com 
mitted to teaching and mentoring science stalents 
in a Uberal arts environment. Competitive salary and 
startup fands are available, Send application mate 
tials by December 3, 2007, 10: Provost's Offic, Attn: 
Biology Search Committee Chair, Cok 
lege, 350 Spelman Lane S.W., Atlanta, GA 30314. 
see website: hetp://www. 
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POSITIONS OPEN 


ASSISTANT PROFESSOR 
University of California, levine 
Department of Pharmaceutical Scicnces 

The Depsrtnecet of Pharmaceutical Sciences and 
the Department of Computer Science 3t Univesity 
‘of Caliornis (UC), Inine invite applications for 3 
{enue track faculty postion in the area of compa 
{tional biology. The appointment wil be made at 
the ASSISTANT, ASSOCIATE, or FULL PRO- 
FESSOR love, 3b supported bythe qualifications 
and experience of the succes applicant. The sc 
‘esl candidate wil be exported to exabish an 
itive esearch program using computational meth 
fods to. addres andamental problems in structural 
biology, enzyme function, ‘molecular modeling, 
structure bused drug doigh, chemoiniormaticy, 
fother areas of compatationd biology or chery re 
‘vant to the pharmaceutical sciences 

Interested spphcants should salen crim ¥ 
tas, at east der lesers of referee, anda bie 
bine of furure research plane. Application ies 
an be found at website: hex 
Review of applestions wil 
2007."To enaure fl consideration, applications and 
All supporting materats should te reecved by this 
time, The position will reais open until filled. UCT 
at Byul Opporunty Emplyr commited te exelleve 
tinned derstand sot era appt fon al 
lied ppd, iced ven sl minors 


CLAIRE BOOTH LUCE PROFESSORSHIP 
‘CELL/MOLECULAR BIOLOGIST 
Fordham University 

Individuals ae laved to apply fora venue track 
pouition at the ASSISTANT PROFESSOR kvel 
for the Chie Both Lace Prifsonhip. The Depart 
tment has an active esearch program and proves 
ccxceeen phyial iy state of the art eqipenent, 
{ nimulting research eironment, startup’ finds, 
and conmpettive saris and benefits: Preference wi 
te shen to candidates who pomew etperiae ia the 
aed of cll/mokeeula flogy and candidates with 
few een mse han 
encouraged wo apply. Te appeietce wil be expeced 
to eatatlah an ante rexatth program and parich 

sre in teachlog at the graduate aed undergraduate 
eves. Please subencutrculum vate, two reprints, 


Department of Bi 
versity, Bronx, NY I 
Cathal snort te Jest tadition tha ome appi- 
‘atone fom woo of dime barygrne. Feed a Af. 
Fiona Asi gual Opprtnty Epler 


WILDLIFE ECOLOGIST ASSISTANT/ 
"ASSOCIATE PROFESSOR 
Department of Natural Resources and 
Eaviconmental Sdene, Univeniy of Nevada, Reno 

We ack candidates to Gl a hey pono in the 
Willie Ecology and Comerasioa Program in our 
Deparment. We wil conde candies wih 
trvad rage of stl and an cee weed 
py and management iwc rcrant vo the soee of 
Miata, Comions must pone rong, ering 
il oral commenicaton slay and the shury eh 
‘evelop an eternally fandal escarch program, sad 
they should have 4 documented commtmest 
clone undergraduate graduate teaching ard 
Scisments Apphcations mabe submaed dee 
irony, web: hespe:/ / we anescar 

cn ace S285 

Contact De- Kurt 8. Pregiter, Departmcot 
Head, emai: kyptcabor usec wheptsac: 775 
Fat-i600, for stitonsl Ribeeason owe the 
fostion. Appestion qoation: Hes McConne, 
fclephonc’ 775-784-4020, e-mail: mcBcab 
ssncis, 


POSITIONS OPEN 


FACULTY POSITION in INTEGRATIVE 
‘ANIMAL PHYSIOLOGY 

The Department of Bicol Sciences a Clemson 
Usiverity its appations for tenure tack fic 
ty positon in integrative animal phsilogy a the 
ASSISTANT PROFESSOR love o bes Aug 
2008. Ratdacioral xpernce feu. We ae 
Secking + broadly tsipal BIOLOGIST whose fe 
‘cach ies eulidbcpbnary aproaces to poe 
tindensanding of ongational fein. and adapta 
tion, Speci rem of research are open ut abl 
optic compurane, epernen etn 
Sy pproaches rccrence willbe given to candies 
wtih cperise ia vere stem. The aucenti 
alae wil i epee to fterat wi uy hav 
ing done interests ging fom ogaisal el 
‘xtlogy, al esotion to el devcepmentl, at 
ical biog, thereby suppeting Unierty empha 
Sve in stsable enronment and Boman 
Su Binechndlogy The sce canadte wil abo 
ie epared w ctatlah innate, enema faded 
tacatch pragram of national diinction and to be 
mr ecdion teacher, Teaching ropoebliies ince 
te upper kel undengadute cure in conqartne 

vlog or verichate fly al graduate course) 
one's spedaty. Appleton: should ince cue 
Seal vitae, m0 moe than these repent, 
‘ment of current and planned research statement of 
teaching piloophy and interests, and names and 
Conc infomation fi three releenees, Review of 
Spplistions wil begin November 9, 2007, and wil 
Sie tna he potion ed en send 
Spplicition mater by e malas Word or PDF files 
ema allele, ater idan 
Souths justo, deprtnentl eseur, prowan 
nal au rescrch iterate aval 3 webvie: 


:/ /wwrw.clemson.edu/bios. 
Er pata Aca! tial Op 


petsety Engler Clon Unive vest disrnie 
‘qa any prs os he has of, eb, bly, ged, i 
‘np rae, well, ex rat, we 


FACULTY POSITIONS in OLOGY 
‘The University of Washington 
Ti, Uiveniy of Waingon's Dearaent of 
ido has two open tenure rack facy pono 
We wdcome appheants ia both core and int 
pinay areas of biology but have parc interes 


in areas of cellule, molecular, and physiological lev 
cis of onganization in plants or animals, A record of 
feastanding achievement, 3 promising nscarch peo 
am, apd 3 commitment to teaching are more 


foporeant than the specie research area, Our con 
solidation of Botanyy Zoology and Undergraduate 
Tilogy Program into a single unk expands oppor 
tis for new’ projec and itendacpary fe 
tives, Information about the Department is available at 
‘website: http://www: biology washington.cd, 
ruta tie ASSISTANT PROTES. 

SK cok ue ssiipued, Appascenn tte 
ASSOCIATE or FULL PROTESSOR rank may 
ibe corsitered fr canduates who have demonstrated 
2 commitment to mentoring underrepresented 
dient the sciences. Applicants mais have earned 
Doctorate by the date of appointment 

Tlease apply online at website: hetp:// 
sworw biology. washington edu /fachlres/ ad a 
aes cover AST ATR aE, SIP repens, 
Statements of rescarch and of teaching ieress, and 
tamer of at least thrce references. Applications re 
cited by November 1 2007, wil be ven priory. 

University of Washington feuky emg in teach: 
ing, rocarch, and service. The Univery of Washing 
ton, recipient of the 2006 Alfed f Sloan award 
for Faculy Carcer Healt, is committed to sp 
foring the work hfe tulance of ie fac. The Un 
eal budding clyde fidy and if and 
sant comers applic rom wien, tori, bd 
‘dat wh dacs, en ewerd veer. The Unicity 
 Wasiogsar & a1 Afimaive Actin, Led! Opporty 
Employee 


wow sciencecareers.org 


POSITIONS OPEN 


FACULTY POSITIONS IN MOLECULAR, 
CELLULAR AND DEVELOPMENTAL BIOLOGY 


UNIVERSITY OF ARIZONA 


The Departments of Molecular and Cellular Biology, UA College of 
cb arizona.edu) and Cell Biology and Anatomy, UA 
College of Medicine (www.cbaarizona.edu) have formed a joint 
department and are sceking to ill 3-4 tenure-track Faculty postions foe 
appointment in 2008, Although an appointment at the assistant professor 
level ispreferred, outstanding candidates atall levels will be considered. 
Applicants with research interests in any area of molecular, cellular, 
‘or developmental biology, including those pursuing mathematical and 
statistical approaches to biological problems, will be considered. Oppor- 
‘tunities for interaction and collaboration ae particularly strong in areas 
of basic research related to cancer, cardiovascular biology, diabetes, 
neurobiology, functional genomics and imaging. Successful candidates 
will be expected to establish a competitive research program and to 
contribute to undergraduate, graduate, and/or medical education, 


To apply, submit an on-line faculty application for job number 39300 
at wwwataeareertrack.com. Applicants should be prepared to attach a 
cairicul page statement of research and teaching int 
ests. athe time of application, Separately, have at least three supporting 
letters sent directly to: Denise Slay, Search Coordinator, Universit 
of Arizona, Department of Molecular and Cellular Biology, 1007 E 
Lowel, Life Sciences South Bldg, Tucson, AZ 8S721, USA. or send 
email to medb@emaiLarizona.edu. Review of applications will, 
jovember 1, 2007 and continue until positions are filled, 


The University of Arizona is an EEO/AA Employer/M/W/DIV and is 

seeking individuals who are able to work with diverse students or 

‘colleagues, and who have experience with a variety of teaching 
‘methods and eurrieular perspectives. 


Ses 


NINTH ADVANCED VACCINOLOGY COURSE 


ADVAC 


Les Pensieres, Veyrier-du-Lac (near Annecy, French Alps) 
19-31 May 2008 

‘Organized by Fondation Méricux and University of Geneva 

‘co-sponsorship of European Commission, Gates Foundation, NIAID, Johns 

Hopkins, ESPID, NFID, NVPO, Vaccine Industry. 

Objective of the course: To fac 

‘accinology. English language 


‘Who should app! 
and private sectors. 


te critical decision-making in 


Scientists and decision-makers from the public 


Application deadline: 15 Nevember 2007 


wwwadvac.org 


advac‘a medecine.unige.ch 
katia.mielezareka fondation-mericux.ong, 


Programme Fees 
[- Standard registration fee, incl, full attendance EUR 3.500, VAT incl; 
Reduced fee for academic sector, NGOs: EUR 1400, VAT incl. 

2- Accommodation fee 


UR 2 050, VAT incl 


Fellowships available for participants from Developing Countries & new 
EU members. Also offered to selected ESPID members whereas NFID 
provides fellowships to young American vaccinologists 


POSITIONS OPEN 


FACULTY POSITION IN 
PHARMACOLOGY 
UNIVERSITY OF CALIFORNIA, 
IRVINE 


‘The Department of Pharmacology at the 
University of California, Irvine (UCI) invites, 
applications for a tenure-track faculty posi 
tion at the level of Assistant Professor. We 
seck scholars witha proven record of esearch 
accomplishments and specific interest in one 
of the following areas: 


1. Regulation of gene expression 
2. Molecular mechanisms of signal 
transduction 


3, Drug discovery 


Applicants must indicate which research 
area they are applying for. Applicants must 
hhavean M.D. andor PhD. in pharmacology 
or a related field, a strong drive to pursue a 
dynamic research program and an interest in 
talent for graduate teaching. Curriculum 
vitae, names of three references, and a sum- 
mary of research interests should be sent 
to: Kimberly Kich, Academic Personnel 
Coordinator, Department of Pharmacol 
‘ogy, School of Medicine, University of Cali- 
fornia, Irvine, Irvine, CA 92697-4625. 


The University of California, Irvine has an 

active career partner program and an NSF 

ADVANCE Program for Gender Equity and 

isan Equal Opportunity Employer commit 
ted to excellence through diversity 


esearch 
Foundation 
Interaaion 


dedicated to finding 


Identity, Develop or Evaluate 
Therapeutics for Type 1 Diabetes 
Complications 


JDRF is requesting expressions of interest 
for identification, development oF pre-clin 
cal testing of novel therapeutic approaches 
designed to prevent, treat, reverse or ame- 
Tiorate the following complications of type 
I diabetes: retinopathy, with a higher priority 
on non-proliferaive retinopathy oF progres- 
sion from noaproliferative to proliferative 
stages, and all stages of diabetic neuropathy 
‘or nephropathy. 


JDRF secks projects aimed at identifying com- 
pounds for a specific drug target via library 
sercening, developing novel compounds for 
pre-clinical testing or implementation of pilot 
and feasibility studies in animal model sys- 
fems of clinical relevance. This request socks 
to provide support towards the pre-clinical 
translation of novel of existing therapeutic 
‘compounds. 


Expressions of interest should be submitted to 
SDRF no later than November 21, 2007. 


For details, please sce: 


Identity or Validate Targets for 
Therapeutics against Type 1 
Diabetes Complications 


JDRF requests expressions of interest for 
innovative projects aimed at identification 
o¢ validation of new targets for therapeutic 
intervention to prevent, treat, reverse oF 
ameliorate the following complications of 
type I diabetes: retinopathy, neuropathy or 
sephropathy. 


‘Target identification signifies the ident 
cation of a specific gene or protein whose 
expression level or concentration can be 
demonstrated to have disease modifying 
qualities. Target validation is defined as the 
experimental confirmation of the role of a 
given gene or protein involved in pathways. 
relevant to these complications of type 1 
diabetes. Proposed projects should have the 
potential of demonstrating the tarzets‘ability 
To modulate such a pathway in a manner that 
could be therapeutically useful. Through this 
request JDRF seeks to identify projects to sup- 
pon towards the identification or validation of 
novel therapeutic targets, 


Expressions of interest should be submitted to 
SDRF no later than November 21, 2007. 


For details, please see: www.jdrftargetorg 
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POSITIONS OPEN 


“The BUSINESS of MARINE 
BIOTECHNOLOGY FELLOWSHIPS 

The Center for Marine Science at the University 
of North Cacolina, Wilmington is offering thece 
exceptional RESEARCH FELLOWS in marine 
biotechnology. Candidates must have a Ph.D. in 
biotechnology related area and are expected to con 
duct research in marine science laboratories a the 
University while punuing a profesiond MIRA. de 
{gree in the Univensiy’s Cameron School of Business 
The goal of this 24 month program is to produce 
individual with a solid science background 35 well as 
the busines skills needed to prosper in a modern 
competitive business environment. Students in the 


MAINA. portion of the Progeam will master the core 

functions of business, develop analytical and quant 

tative business skills and study current’ and fit 
ness issues through real work! experiences with 


regional companies involved in marine biotechnol 
‘ogy, Excellent verbal and written skills are required 
The research portion of the Program generally in 
volves working none of three focus areas: (1) Bi 
{say technique development fecusing on move sensing 
‘metals wh particular application in the marine 
environment; (2) Finfish maricultare which may in 
hide reproduction, genetics and selective breeding, 
larval phisiology, nutrition, heath and disease man 
tre technology, ana 
it (3,) Marine pera 
wi nuteaceutialy fom cultured exzasors, 
IWoengincered natural products, novel enzymes and 
‘bonynhetc pahwavs, Candiats should clay len 
Aiy thee interests in one of the three focus arcs 
Uhr cover leer Candates with interests in eer 
bnotechnology' rested area wil be corsered based 
fon the strength of their application. Selected an 
didates woul receive sabry and benefits including 
hncath insurance and retirement contnibutions for 
24 months. Postion vtle will be VISITING RE 
EARCH ASSISTANT PROFESSOR. ‘Tuition 
the coursework necessary to obtain the AIBA is 
ako presided 
Sercering ofthe applicants will begin December I 
2007 and applicant wil be invited to join the peo 
iqram Apel’, 2008 and wil be required to sare 
May’, 2008, All degree requicements must be wt 
by May 1, 2008, to qui fe the Fellowship, Lever 
application, ctrctums vitae, summary of research 
Bln eae ro thee hes 
Should be sent via the enline application proces 3 
{hi onthe web t website bap conser ancw, 
fey nee ld oe ran HOC Wnt of RS 
FY tachment are stony prea, For ques 
tions regarding the online applications process, con 
Jody Smith at tcephone: 910.963 2880, For 
{Questions reganding the positions oe the Center eon 
the Dr. Ronald Ke Sizemore at emai sizcmorer® 


luncw.edu oF vsit Our website: herp:/ /wwrw-uncw 
vide mala eal eae 


fof employe: UNH ea Esa Op- 
Afimaiive Adie Eph. Norte al wees 


por, 
fn encarggl 1 apply 


INSTRUCTOR/ADVANCED 
POSTDOCTORAL FELLOW in 
NEUROINFORMATICS 

Expertise and demonstrated successful R&D 
projects i blomeliel Informatics, semantic web, 
cacrgtion lagi, biomedkal omologies, and ad 
vance webosttle sofware engiecating: Sueetotal 
txperience in developing semantic Enowledge bases 
fon by ic nd caer 

‘Our group prenides outstanding opportuntis to 
collaborate wth other world-clas inermaticians and 
tnomedieal researchers Ph.D. in bioinformatics, Bi 
‘cdl informatica, baoengincering, oF 3 doncly re 
lated field require. Send or c-enlf Curicahum Vise, 
2 eter of oterest, and thrce references wo: Tim Clark, 
Director of Informatics, Massachusetts General 
Tasttute for New tive Disease, 114 6th 
Street, CNY 114-2012, Charlestown, MA 02129, 
e-mail im cark@harvandeda. 
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POSITIONS OPEN 


ASSISTANT and/or ASSOCIATE PROFESSOR of 
HUMAN GENETICS 


The Department of Human Genetics at the Uni 
verity of Utah Schoo! of Medicine i continsing 3 
fnew major expansion, recruiting three new inves 
tigators over the next thee years to build upon 
‘existing strengths in human genctics and develop 
mental buology 

We are secking outstanding applicants at the evel 


prnomics, including but oe lnted 
Eloy genet approaches 10 complex deca, pop 
tiaton encticn Behl enc, regenerate 
tmacie evopencnsl get, and ea mech 
St human dene and devdopeent. Our Depart 
tment har asrong Matory ma anan genetic aa 
Stureey suchas the Utah Populaon Das Base, dae 
deus the wok Tht remanence a 
Highy prodeaine ae eolstoranne coiranat Bo 
tween fear, cians and dhe cman. 
Geant wits wth a record of chcpoms ad 
coven Weeekeore ts bok rca ed rc 
ing are encourigel to apply. Soocafl candidates 
wil vecche santa sup package and enoy 8 
SCimulaning snd spomtve exer creonmcr 
vil ti 
nary of esearch plan, relevant reins aoe pe 
pei, and thre res of rere 
Dr. Mario R. Capeschi 
Co-Chaie, Department of Human Genetics 
‘Howard Hughes Medial Institute 
University of Utah School of Medicine 
15 North 2080 East Room 2130 
Sale Lake Cty, UF 84112 5330 
Apphcuion mar, inloding later of wer 
nc shouldbe benttod by November 9, 2007 
The Cnwendy of Usha Eel Oporety/ABe 
mcs erie ool pes 
SF potas room ae 
‘ites Oe hnen deat of plans and employe 


POSTDOCTORAL FELLOWSHIPS 
Reproductive Biology at Vanderbilt 
cations are now bing accepted for Postdoc 
toral Fellowships ina National Institwwe of Chil 
Health and Hu 


‘or MLD./PD. deyrees 
ein pursing research i repre 
or in this program use vanous model 
systems including humans, mice, Celenans, Xap 
Dome Tes tea i ie Pewee 
entice 3 fiture cadre Of independent investigator 
Er teproduction research, The tances wil have 2c 
cess to contempirary techni. Applicants mt 
We'US. citizens or mae ld permanent residency 
Status in the United State, Send resume, Materseot 
Of crest, and theee leer of support te SAIC Dey, 
PhD., Director, Division of Reproductive and De 
velopmental Bidlogy, De ‘of Pediatrics, 
Cailand Developmental Biology and Pharmacol 
Vanderbilt Univenity Medial Center, D-4100 
edical Center North, Nashville, TN 37282-2678; 
‘orvia emailskdey@ vanderbilt. 


NEUROSCIENCE FACULTY POSITIONS 
(Bie Depwment of Biome Sener a 
two tenurearac faculty postions at the lel of 
ASSISTANT PROFESSOR, pening dinding 
Scccenfl candace wll be ered to levclop te 
et, camry funiel eexcarh propams 

WWE are parca tected in splcae cr ui 
Tes molcotar tcheigocr with a rcarch focus tha 
woul complowent the crvene aves of srergih i 
the Deparcent:nchating te neuobiclogy ms 
sae feanon, ete ny a2 
Todegenrati, Teaching napoli for thee 
rote wil ince paripsson ina gadsate 
eurouicnce course and an uergraduate Nowlogy 
cr anaomy coune: The Deparment of Homedicl 
Sons (eshte; hp/Jmwcmargut 
vironment that is experiencing rapid growth, I 
rowed tediidual wah a Ph.Ds in necronence 
‘Sat Sd aed at eat two joa of potdocoal 
Ting sould apoty calc oy wiborcing cir 
tain tse me enceent of researc bests a 
trite: bp: eres marque /applican, 
Centrat? quick BI oT peace 
Satter sr Novena T6 2007, and coninne wal 
the poo ae flo Inquires reprints pot 
Seca he aval David A Bay Pe 
Department of Biomedical Science, Margucte: 
Calrcraiy, 0. Box 1881, Miaukce WL S4201- 
Taeh (ead: david baker@mu ec) ayn Ue 
rey ar Anne At ga Operon php 


FACULTY POSITION in ECOLOGY or 
CONSERVATION BIOLOGY 
Biology Deparment of Indiana University South 
cau aces gelied PhD. apiiants for TENURE- 
THAGK ASSISTANT PROFESSOR oxnnng 
Aupos 2008, Pondocond expersnce preted 
Teaching dates inches ecology, field Woy, in 
treater biology, ad related cours candela 
spec vo port a veut propa, For 
rey go wo web: 
swf. odu/br employe 
Pending & Never To, 
Aran ipa! Opry En 


inate 


POSTDOCTORAL POSITIONS are a0silab 
to study the mechanisms underlying chronic pi 
Strong background in pain research and experience 
fn pain behavioral testing, neuropathic p 

‘models, and immunocytochemistry are re 
Preference will be given 


vitae to: Dr. Yuan-Xiang Tao, Department of An- 
eathesiology, Johns Hopkins University School 
of Medicine, 355 Ross, 720 Rutland Avenue, 
Baltimore, MD 21205; ‘email: ytaol@jhmiedu 
Ed Opyeenity Employ. 


MARKETPLACE 


Oligo ing Reagents 
4 BHQ’/CAL Fluor’ /Quasar Amidites 


DISTINGUISHED BIOETHICS PROFESSOR 
Wake Forest University 

The Goble of Ars and Scenes sects a Distin 
githed Sthobr in Baochs fr 3 FULL PROFES- 
SOR and pony 3 Chae, potion begin fl 
2008, The cel ale wal ay seating 
tole in developing an ntrncinary comps 
Tocthics Cemer of national promincnce. The ares 
‘Of ipeditzation within biocic & opea, though 
‘ipunine in benechnogy or bionenee cs i & 
Pri welcome. Wake Fora ia pvne unneray 
Shee sec porate are comes raed Eh 
the top ers ees. Thee encreted shou con 
sue websites tp: / ww: ws cba /lr/eareen/ 
saderpsadente/ Bs aoe rte 


+ Amidites for 5’ & Int. Modifications 


‘Standard and Specialty Amidites 
Beni perenne 


Free shipping for 20+ reaction 
High throughput. Direct sequenc- 
ing from bacteria, phage, genomic 
DNA, PCR products, hairpin, etc. 
1-88-ndab8, wend om 


ww sciencecareers.org, 


CALL FOR ENTRIES 


AAAS Student Poster Competition 


Coletta Photography ™ 


Put yourself in the picture. 


American Association for the Advancement of Science 
2008 Annual Meeting * 14-18 February in Boston 
“Science and Technology from a Global Perspective” 


Put yourself in the picture by entering the 2008 AAAS Student Poster Competition. Winners 
receive a cash prize, framed award certificate, and a one-year AAAS membership—including 
a subscription to Science! 


Don't miss out on this opportunity to put your research in the spotlight and discuss your 
work with leading scientists and engineers from across the country and around the world. 


All submissions will be peer reviewed. Accepted posters will be listed in the 2008 Annual 
Meeting Poster Book. A complete list of winners will be published in Science and at 
www.aaasmeeting.org. The competition is open to college undergraduate and graduate 
students only. 


To learn more, including how you can volunteer and attend the Annual Meeting for free, 
visit www.aaasmeeting.org. 


Submission Deadline: WN AAAS 


Thursday, 1 November 2007. 


ADVANCING SCIENCE, SERVING SOCIETY 


